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PREFACE 


The aim of this book is to present the elements of the theory of 
partial differential equations in a form suitable for the use of students 
and research workers whose main interest in the subject lies in finding 
solutions of particular equations rather than in the general theory. 
In its present form it has developed from courses given by the author 
over the last ten years to audiences of mathematicians, physicists, 
and engineers in the University of Glasgow and the University College 
of North Staffordshire, and to members of the Research Staff of the 
English Electric Company at Stafford. It therefore caters for readers 
primarily interested in applied rather than pure mathematics, but it is 
hoped that it will be of interest to students of pure mathematics following 
a first course in partial differential equations. 

A number of worked examples have been included in the text to 
aid readers working independently of a teacher. The problems 
which are given to test the reader’s grasp of the text contain, in some 
cases, additional theorems not considered in the body of the text. 
Some of them are therefore merely statements of classical results; 
the remainder have been taken from examination papers of the 
University of Glasgow and are reproduced here by permission of the 
Secretary of the University Court. 

The author is indebted to a number of colleagues and students for 
critical comments on the lectures upon which this book is based and 
for reading portions of the manuscript. In particular, thanks are 
due to Ben Noble and Keith Fitch, who worked through the entire 
manuscript and checked the problems; to Janet Burchnall and 
Valerie Cook, who prepared the manuscript for the press; to John 
Lowndes, who devoted a great deal of time to reading the proof sheets; 
and to Elizabeth Gildart, who prepared the index. 


IAN N. SNEDDON 
Simson Professor of Mathematics 
University of Glasgow 
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Chapter | 


ORDINARY DIFFERENTIAL EQUATIONS IN 
MORE THAN TWO VARIABLES 


In this chapter we shall discuss the properties of ordinary differential 
equations in more than two variables. Parts of the theory of these 
equations play important roles in the theory of partial differential 
equations, and it is essential that they should be understood thoroughly 
before the study of partial differential equations is begun. Collected. 
in the first section are the basic concepts from solid geometry which 
are met with most frequently in the study of differential equations. 


|. Surfaces and Curves in Three Dimensions 


By considering special examples it is readily seen that if the rectangular 
Cartesian coordinates (x,y,z) of a point in three-dimensional space 
are connected by a single relation of the type 


T(X.2) = 0 (1) 


the point lies on a surface. For that reason we call the relation (1) the 
equation of a surface S. 

To demonstrate this generally we suppose a point (x,y,z) satisfying 
equation (1). Then any increments (6x,dy,6z) in (x,y,z) are related by 
the equation 


of of Of 
a Tals 


so that two of them can be chosen arbitrarily. In other words, in the 
neighborhood of P(x,y,z) there are points P’(x + &, y + 7, z + ¢) satis- 
fying (1) and for which any two of é, , ¢ are chosen arbitrarily and the 
third is given by 


OX 


The projection of the initial direction PP’ on the plane xOy may there- 
fore be chosen arbitrarily. In other words, equation (1) is, in general, 
a relation satisfied by points which lie on a surface. 


a ae. 
‘G7 1S. ° ty" 


2 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 
If we have a set of relations of the form 
x = Fy(uv), y = Fu,v), z= F,(u,v) (2) 


then to each pair of values of u, v there corresponds a set of numbers 
(x,y,z) and hence a point in space. Not every point in space corre- 
sponds to a pair of values of u and v, however. If we solve the first 
pair of equations 

x = F,(u,v), y = F,u,v) 
we may express u and v as functions of x and y, say 


u= x,y), v= ux,y) 
so that uw and v dre determined once x and y are known. The corre- 
sponding value of z is obtained by substituting these values for u and v 
into the third of the equations (2). In other words, the value of z is 
determined once those of x and y are known. Symbolically 


= is 3{A(x,y), (x,y) } 
so that there is a functional relation of the type (1) between the three 
coordinates x, y, and z. Now equation (1) expresses the fact that the 
point (x,y,z) lies on a surface. The equations (2) therefore express 
the fact that any point (x,y,z) determined from them always lies on a 
fixed surface. For that reason equations of this type are called para- 
metric equations of the surface. 

It should be observed that parametric equations of a surface are not 
unique; i.e., the same surface (1) can be reached from different forms 
of the functions F,, F,, F; of the set (2). As an illustration of this fact 
we see that the set of parametric equations 


x=asinucosv, y=asinusnv, z=acosyu 
and the set 


2av 
] + v? 


v bv”, 
liad, GOT RE fel , eT ee zZ= 


both yield the spherical surface 
x? + y® + 7% = q* 
A surface may be envisaged as being generated by acurve. A point 


whose coordinates satisfy equation (1) and which lies in the plane 
z = k has its coordinates satisfying the equations 


z=k, f(x,y,k) =0 (3) 
which expresses the fact that the point (x,y,z) lies on a curve, I’, say, 


in the plane z = k (cf. Fig. 1). For example, if S is the sphere with 
equation x? + y® + z? = q®, then points of S with z = k have 


2%. x? + y* = a® — k* 
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showing that, in this instance, I, is a circle of radius (a? — k?)* which 
isrealifk <a. Ask varies from —a to +a, each point of the sphere 
is covered by one such circle. We may therefore think of the surface 
of the sphere as being “generated’’ by such circles. In the general case 
we can similarly think of the surface (1) as being generated by the 
curves (3). 

We can look at this in another way. The curve symbolized by the 
pair of equations (3) can be thought of as the intersection of the surface 
(1) with the plane z= k. This idea can readily be generalized. Ifa 
point whose coordinates are (x,y,z) lies on a surface S,, then there must 
be a relation of the form f(x,y,z) = 0 between these coordinates. If, 
in addition, the point (x,y,z) lies on a surface S., its coordinates will 
satisfy a relation of the same type, say 2(x,y,z) = 0. Points common 


So 


: 


C 


Figure | Figure 2 


to S, and S, will therefore satisfy a pair of equations 


Sy,z)=9, — g(%y,z) = 0 (4) 


Now the two surfaces S, and S; will, in general, intersect in a curve C, 
so that, in general, the locus of a point whose coordinates satisfy a pair 
of relations of the type (4) is a curve in space (cf. Fig. 2). 

A curve may be specified by parametric equations just as a surface 
may. Any three equations of the form 


x = f,(¢), y = ft), z= fa(t) (S) 
in which ¢ is a continuous variable, may be regarded as the parametric 
equations of a curve. For if P is any point whose coordinates are 
determined by the equations (5), we see that P lies on a curve whose 
equations are 

®,(x,y) = 0, ®,(x,Z) = 0 


where ©,(x,y) = 0 is the equation obtained by eliminating ¢ from the 
equations x = f,(t), y = f,(t) and where ®,(x,z) = QO is the one obtained 
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by eliminating ¢ between the pair x = f,(4), z= f,(t). A usual para- 
meter ¢ to take is the length of the curve measured from some fixed 
point. In this case we replace ¢ by the symbol s. 

If we assume that P is any point on the curve 


x = x(s), y = pS), zZ = Z(S) (6) 
which is characterized by the value s of the arc length, then s is the 


distance P,P of P from some fixed 
point Py measured along the curve 


z $s,  ¢ (cf. Fig. 3). Similarly if Q is a 
L~ point at a distance ds along the 

P curve from P, the distance P,Q will 

5c be s -+ 6s, and the coordinates of 


QO will be, as a consequence, 


{x(s + ds), ys + ds), z(s + ds)} 


y The distance és is the distance from 
O P to Q measured along the curve 
and is therefore greater than dc, the 
length of the chord PQ. However, 
in many cases, as Q approaches the 
. Figure 3 point P, the difference ds — dc 
becomes relatively less. We shall 
therefore confine our attention to curves for which 
6c 
—_ 7 
On the other hand, the direction cosines of the chord PO are 
he + ds) — x(s) y(s + ds) — ws) 2(s + ds) — a 
Oc 6c ° OC 
and by Maclaurin’s theorem 


x(s + ds) — x(s) = ds & -+- O(ds*) 


so that the direction cosines reduce to 


x lq + 068)) 5 : Salas + O09) 52g + 088) 


As os tends to zero, the point Q tends towards the point P, and the 
chord PQ takes up the direction to the tangent to the curve at P. If 


we let ds > 0 in the above expressions and make use of the limit (7), 
we see that the direction cosines of the tangent to the curve (6) at the 


point P are 
(= dy = 


ds ds ds (8) 
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In the derivation of this result it has been assumed that the curve (6) 
is completely arbitrary. Now we shall assume that the curve C given 
by the equations (6) lies on the surface S whose equation is F(x,y,z) = 0 
(cf. Fig. 4). The typical point {x(s),(s),z(s)} of the curve lies on this 


surface if 
F[x(s), y(s),2(s)] = 0 | (9) 


and if the curve lies entirely on the surface, equation (9) will be an 
identity for all values of s. Differentiating equation (9) with respect 
to s, we obtain the relation 
OF dx oF dy oF dz T 
6x ds  dyds  dzds — > 
Now by the formulas (8) and (10) we see that * A 
the tangent 7 to the curve C at the point P is 
perpendicular to the line whose direction 
ratios are 
ax oy” OZ 
The curve C'is arbitrary except that it passes through the point P and 
lies on the surface S. It follows that the line with direction ratios (11) 
is perpendicular to the tangent to every curve lying on S and passing 
through P. Hence the direction (11) is the direction of the normal to 
the surface S at the point P. 
If the equation of the surface S' is of the form 


(— OF =| (11) Figure 4 


z= f(x,y) 
and if we write 
OZ OZ 


then since F = f(x,y) — z, it follows that F, = p, F, = 9, F, = —l and 
the direction cosines of the normal to the surface at the point (x,y,z) are 


P> qs = ) 
Core +1 u) 


The expressions (8) give the direction cosines of the tangent to a 


curve whose equations are of the form (6). Similar expressions may 
be derived for the case of a curve whose equations are given in the 


form (4). 
The equation of the tangent plane 7, at the point P(x,y,z) to the 
surface S, (cf. Fig. 5) whose equation is F(x,y,z) = 0 is 
OF OF OF 
K-DE+V-YNE+Z-)z=0 (14) 


where (X,Y,Z) are the coordinates of any other point of the tangent 
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plane. Similarly the equation of the tangent plane 7, at P to the 
surface S, whose equation is G(x,y,z) = 0 is 


aG aG aG | 
(LHR TVs +(Z—2> =0 (15) 


The intersection L of the planes 7, and 77, is the tangent at P to the curve 


Figure 5 


C which is the intersection of the surfaces S, and S,. It follows from 
equations (14) and (15) that the equations of the line L are 
X —X = i my _ y oer 3 
OF 0G OF 0G OF0OG oOFOG oF0G oFOG (16) 


anmennt®s EEC OSD Cw eee ri ee ee ee mma GED GEES CSE EE 


dy oz Oz oy OZ Ox Ox OZ 0x oy dy Ox 


In other words, the direction ratios of the line Z are 


AFG) FG) FG) 
tages  BE,x)” Sa ales 


Example 1. The direction cosines of the tangent at the point (x,y,z) to the conic 
ax? + by*+cz47=1, x+y+2=1 are proportional to (by —cz, cz — ax, 
ax — by). 

In this instance 


F = ax’ + by? + cz7 —1 


and G=x+ytz-l 
OF,G) |2by 2cz| _ _ 
so that ay,z) | 1 : = 2(by — cz) 


etc., and the result follows from the expressions (16). 
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PROBLEMS 


1. Show that the condition that the surfaces F(x,y,z) = 0, G(x,y,z) = 0 should 
touch is that the eliminant of x, y, and z from these equations and the equations 
F,: Gy, = F,: G, = F,: G, should hold. 

Hence find the condition that the plane x + my + nz + p =0 should 
touch the central conicoid ax® + by® + cz? = 1. 

2. Show that the condition that the curve u(x,y,z) = 0, v(x,y,z) = 0 should 
touch the surface w(x,y,z) = 0 1s that the eliminant of x, y, and z from these 
equations and the further relation 


Ou,v,wW) 


x,y,z) 


should be valid. 


Using this criterion, determine the condition for the line 
x-a@ y-—-b z-—c 


to touch the quadric «ax? + By? + yz? = 1. 


2. Simultaneous Differential Equations of the First Order and the 
First Degree in Three Variables 


Systems of simultaneous differential equations of the first order and 
first degree of the type 


Ts = fen ee ast) {= Lk, 2, see Gl (1) 


arise frequently in mathematical physics. The problem is to find n 
functions x,, which depend on ¢ and the initial conditions (i.e., the 
values of x1, Xe, - . - »X», When ¢ = 0) and which satisfy the set of 
equations (1) identically in t. 

For example, a differential equation of the nth order 


a"x _ (: x ax da*x | 
de ING Gp Ge Ga 


may be written in the form 


(2) 


dx d d 
=yp St=yn SPayy--, 


dy, 
a = f(t.X,ViVos “#8 Yn) 


showing that it is a special case of the system (1). 
Equations of the kind (1) arise, for instance, in the general theory 
of radioactive transformations due to Rutherford and Soddy.1 


1. Rutherford, J. Chadwick and C. D. Ellis, “Radiations from Radioactive 
Substances’? (Cambridge, London, 1930), chap. I. 
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A third example of the occurrence of systems of differential equations 
of the kind (1) arises in analytical mechanics. In Hamiltonian form the 
equations of motion of a dynamical system of n degrees of freedom 
assume the forms 


dp; 0H dq, 
dt 0g; dt ap, 


where H(q1.go, . - +» sGnPirPo - + + sPnt) 18 the Hamiltonian function 
of thesystem. Itis obvious that these Hamiltonian equations of motion 
form a set of the type (1) for the 2” unknown functions q,, Jo, - - - 5 Qns 
Pi Pos + + +» Pn» the solution of which provides a description of the 
properties of the dynamical system at any time f. 

In particular, if the dynamical system possesses only one degree of 
freedom, 1.¢e., if its configuration at any time is uniquely specified by a 
single coordinate g (such as a particle constrained to move on a wire), 
then the equations of motion reduce to the simple form 

ap oH dg 


‘dt ag dt Op 4) 
where H(p,g,t) is the Hamiltonian of the system. If we write 
OH _ P(p,q,t) 0H O(p.4q,t) 


Og Rpt)’ op R(p,gst) 
then we may put the equations (4) in the form 
dp dg at 


Ppqt) Owgt) Repay ©) 


For instance, for the simple harmonic oscillator of mass m and stiffness 
constant k the Hamiltonian is 


i=1,2,...,n (3) 


oF ae 8 
tom 2 
so that the equations of motion are 
a 
—kmq pm 


Similarly if a heavy string is hanging from two points of support and 
if we take the y axis vertically upward through the lowest point O of 
the string, the equation of equilibrium may be written in the form 


dx _ dy _ ds (6) 


where H is the horizontal tension at the lowest point, T is the tension 
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in the string at the point P(x,y), and Wis the weight borne by the portion 
OP of the string. 

By trivial changes of variable we can bring equations (5) and (6) 
into the form 


PO R ”) 


where P, Q, and R are given functions of x, y, and z. For that reason 
we study equations of this type now. In addition to their importance 
in theoretical investigations in physics they play an important role in 
the theory of differential equations, as will emerge later. 

From equations (8) of Sec. 1 it follows immediately that the solutions 
of equations (7) in some way trace out curves such that at the point 
(x,y,z) the direction cosines of the curves are proportional to (P,Q,R). 

The existence and uniqueness of solutions of equations of the type (7) 
is proved in: 

Theorem 1. Jf the functions fi(x,y,z) and f,(x,y,z) are continuous in 
the region defined by |x — al <k, |y —b| <1, |z — c| < m, and if in 
that region the functions satisfy a Lipschitz condition of the type 


| fi(%,Z) — find) << Aly a n| 5 B,|z —_ 4 
| fol, y,Z) — folx,n,0)| < A, y a n| ae B,|z — 4 


then in a suitable interval |\x — a| <h there exists a unique pair of 
functions y(x) and z(x) continuous and having continuous derivatives in 
that interval, which satisfy the differential equations 


dy dz 
dx == Sil%y>Z), dx — A XY5Z) 


identically and which have the property that y(a) = 6, z(a) = c, where 
the numbers a, b, and c are arbitrary. 

We shall not prove this theorem here but merely assume its validity. 
A proof of it in the special case in which the functions f, and f, are 
linear in y and z is given in M. Golomb and M. E. Shanks, “‘Elements 
of Ordinary Differential Equations” (McGraw-Hill, New York, 1950), 
Appendix B. For a proof of the theorem in the general case the reader 
is referred to textbooks on analysis.1 

The results of this theorem are shown graphically in Fig. 6. 
According to the theorem, there exists a cylinder y = y(x), passing 
through the point (a,5,0), and a cylinder z = z(x), passing through the 
point (@,0,c), such that dy/dx = f, and dz/dx = f,. The complete 
solution of the pair of equations therefore consists of the set of points 


+See, for instance, E. Goursat, ““A Course in Mathematical Analysis” (Ginn, 
Boston, 1917), vol. II, pt. MW, pp. 45ff. 
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common to the cylinders y = y(x) and z = 2(x); 1e., it consists of 
their curve of intersection I. 

This curve refers to a particular choice of initial conditions; i.e., 
it is the curve which not only satisfies the pair of differential equations 
but also passes through the point (a,b,c). Now the numbers a, b, and c 
are arbitrary, so that the general solution of the given pair of equations 
will consist of the curves formed by the intersection of a one-parameter 
system of cylinders of which y = y(x) is a particular member with 
another one-parameter system of cylinders containing z = z(x) as a 


(7 


y=y (x) 


(a,0,c) 


z=2(x) 


{a,5,0) 


Figure 6 


member. In other words, the general solution of a set of equations of 
the type (7) will be a two-parameter family of curves. 


3. Methods of Solution of dx/P = dy/Q = dz/R 


We pointed out in the last section that the integral curves of the set 
of differential equations 


POR ©) 


form a two-parameter family of curves in three-dimensional space. If 
we can derive from the equations (1) two relations of the form 


U(X, 2) a Cy U(x, 5Z) — Co (2) 


involving two arbitrary constants c, and c,, then by varying these 
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constants we obtain a two-parameter family of curves satisfying the 
differential equations (1). 

Method (a). In practice, to find the functions u, and u, we observe 
that any tangential direction through a point (x,y,z) to the surface 
u;(X,y,Z) = Cc, satisfies the relation 


Ou, 
OZ 
If uy = c, is a suitable one-parameter system of surfaces, the tangential 


direction to the integral curve through the point (x,y,z) is also a tan- 
gential direction to this surface. Hence 


Ou, Ou, = 


OU, 

oy 
To find uw, (and, similarly, u,) we try to spot functions P’, Q’, and R’ 
such that 


Ou; 
P=t+Q 


Oe 


ae eee 


PP’ + QQ’ + RR’ =0 (3) 
and such that there exists a function u, with the properties | 
rp Ou, , Oy ,_ Oy 
P= Ox? QO" = By R= = (4) 
1.e., such that 
P'dx + Q'dy + R' dz (5) 


is an exact differential du,. 
We shall illustrate this method by an example: 


Example 2. Find the integral curves of the equations 
ee eres He gn as eee 
yWx+y)+az xxt+y)-—az 2x+y) 
In this case we have, in the above notation, 
P=yx+y)+az, Q=x(x+y)—-az, R=2x+y) 


If we take 


a 
vA Z 


then condition (3) is satisfied, and the function 4, of equation (4) assumes the form 


wee 


u 
: yA 


Similarly if we take 
Pp’ = x, Q’ = —y, R’ = —-a 


condition (3) is again satisfied, and the corresponding function is 
Us = $(x* — y*) — az 


Hence the integral curves of the piven differential equations are the members of the 
two-parameter family 
x+y = cz, x* — y* — 2az = & (7) 


12 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 


We have derived the solution in this manner to illustrate the general argument 
given above. Written down in this way, the derivation of the solution of these 
equations seems to require a good deal of intuition in determining the forms of the 
functions P’, Q’,and R’. In any actual example it is much simpler to try to cast the 
given differential equations into a form which suggests their solution. For example, 
if we add the numerators and denominators of the first two “fractions,”’ their value 
is unaltered. We therefore have 


dx+dy = diz 
(x+y) 2x + y) 
which may be written in the form 


d(x + y) _ dz 
x+y 2 


This is an ordinary differential equation in the variables x + y and z with general 
solution 
x+y =z (8) 
where c, is a constant. 
Similarly 
xdx —ydy dz 
ax+y)z 2x+y) 
which is equivalent to 
xdx — ydy —adz =0 
i.e., to d(4x* — ty" — az) =0 
and hence leads to the solution 
x*® — y* — 2az = (9) 
Equations (8) and (9) together furnish the solution (7). 


In some instances it is a comparatively simple matter to derive one of 
the sets of surfaces of the solution (2) but not so easy to derive the 
second set. When that occurs, it is possible to use the first solution in 
the following way: Suppose, for example, that we are trying to deter- 
mine the integral curves of the set of differential equations (6) and that 
we have derived the set of surfaces (8) but cannot find the second set 
necessary for the complete solution. If we write 


pee 
C1 


in the first of equations (6), we see that that equation is equivalent to 
the ordinary differential equation 


ax = dy 
ytafey x—aley 
which has solution : 
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where c, is a constant. This solution may be written 
2a 
xy (+ y) =e (10) 
I 


and we see immediately that, by virtue of equation (8), the curves of 


intersection of the surfaces (8) and (10) are identical with those of the 
surfaces (8) and (9). 


Method (6). Suppose that we can find three functions P’, Q’, R’ 
such that 


P’dx + OW dy+ R' dz (11) 
PP’ + OO + RR’ 


is an exact differential, dW’ say, and that we can find three other 
functions P”, QO”, R” such that 


P" dx + QO" dy + Raz a2) 
PP’ |. OO" -. RR’ 


is also an exact differential, dW” say. Then, since each of the ratios (11) 
and (12) is equal to dx/P, it follows that they are equal to each other. 
This in turn implies that 
dw’ = dw" 
so that we have derived the relation 
W=W"+ cy, 
between x, y, and z. As previously, c, denotes an arbitrary constant. 


Example 3. Solve the equations 
ax dy dz 


ypraz z+pxe xt+yy 
Fach of these ratios is equal to 
Adx + pwdy + vdz 
My + az) + wz + Bx) + x + 7y) 
If A, w, and y are constant multipliers, this expression will be an exact differential if 
it is of the form 
lAdx + mdy +vdz 


p Ax + py + vz 
and this 1s possible only if 


—pA + pu +v =0 
A— pur+yy =0 (13) 
an + uw — py =0 


Regarded as equations in 4, #, and v, these equations possess a solution only if p 
is a root of the equation 


—p Bp J 
1 —-p y|=0 (14) 
of 1 —p 


which is equivalent to 
P+(a+hB+y)p +1 + apy =0 (15) 
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This equation has three roots, which we may denote by p,, ps, ps. If we substitute 
the value p, for p in the equation (14) and solve to find A = A,, w = 44,» = »,, then 
in the notation of (13) 


_laAaxtumdy+dz 


dw’ = 
Py Ag + yy + yz 
so that W’ = log (yx + yy + 74z) es 
Similarly W” = log (Agx + May + v_z) Pe 


and (13) is equivalent to the relation 

(Ax + yy + YZ)P1 == Cy(Agx + Mey + V_Z) Pe 
where c, is a constant. In a similar way we can show that 

(Ayx + py + yz) P1 = Co(Agx + ogy + ¥gz)'/Ps 


with c,. a constant. 
A more familiar form of the solution of these equations is that obtained by 
setting each of the ratios equal to dt. We then have relations of the type 


ae (A;x + iy +42) = dt 
Pi 
which give 
AX + My + Viz = Cyere 
where the c; are constants and i = 1, 2, 3. 

Method (c). When one of the variables is absent from one equation 
of the set (1), we can derive the integral curves in a simple way. 
Suppose, for the sake of definiteness, that the equation 

dy dz 
Q R 
may be written in the form 
ay 
2 = flyz) 


Then by the theory of ordinary differential equations this equation has 
a solution of the form 
dy 5Z,C}) = v 


Solving this equation for z and substituting the value of z so obtained 
in the equation 


ax _ dy 


PQ 


we obtain an ordinary differential equation of type 


d 
oe g (x, V5C1) 
whose solution 


WX,Y,C1C2) = 0 
may readily be obtained. 
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Example 4. Find the integral curves of the equations 
dx ay dz 


16 
x+z y z+y7 -— 
The second of these equations may be written as 
az Zz 
oo, dy y 
which is equivalent to 
(5) > 
dy\y) — 
and hence has solution 
a= Cyy + y (17) 


From the first equation of the set (16) we have 
dx x 2 


If we regard y as the independent variable and x as the dependent variable in this 
equation and then write it in the form 


ax _% 
dyy y 
we see that it has a solution of the form 
x=cylogy+toayt+y (18) 


The integral curves of the given differential equations (16) are therefore determined 
by the equations (17) and (18). 


PROBLEMS 


Find the integral curves of the sets of equations: 
dx dy dz 


e 2 EES og 0 ee a 


xy—z) yz—x) 2x —y) 


7 (b — c)yz 7 (c — a)zx ~ (a — b)xy 


ax dy dz 


a Fe pl Se rr ert oo 
e — we 


—2)  ~@— x) 2@3 — ) 


4. Orthogonal Trajectories of a System of Curves on a Surface 


The problem of finding the orthogonal trajectories of a system of 
plane curves is well known. In three dimensions the corresponding 
problem is: Given a surface 


F(x,y,z) = 0 (1) 


* M. Golomb and M. E. Shanks, “Elements of Ordinary Differential Equations” 
(McGraw-Hill, New York, 1950), pp. 29-31, 64-65. 
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and.a system of curves on it, to find a system of curves each of which 
lies on the surface (1) and cuts every curve of the given system at right 
angles. The new system of curves is called the system of orthogonal 
trajectories on the surface of the given system of curves. The original 
system of curves may be thought of as the intersections of the surface 


oiedd 


Figure 7 


(1) with the one-parameter family of 
surfaces 
G(x,y,Z) a Cy (2) 

For example, a system of circles 
(shown -by full lines in Fig. 7) is 
formed on the cone 

x? + y® = z* tan? « (3) 
by the system of parallel planes 
Z— ¢y (4) 
where c, is a parameter. It is 
obvious on geometrical grounds that, 
in this case, the orthogonal trajec- 
tories are the generators shown dotted 
in Fig. 7. We shall prove this 
analytically at the end of this section 
(Example 5 below). 

In the general case the tangential 
direction (dx,dy,dz) to the given 
curve through the point (x,y,z) on 
the surface (1) satisfies the equations 


Hence the triads (dx,dy,dz) must be such that 


ax 
P 
where 
OF 0G oF 0G 
P SSS ee ee ee ee ) 
Oy Oz oz oy 
OF 0G 
aes 


OF OF OF 
and 
0G 0G 0G 
dy dz 
ia (1) 
OF 0G oF 0G 
az Ax OX OZ 
(8) 
_ OF 0G 
By ox 


The curve through (x,y,z) of the orthogonal system has tangential 
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direction (dx’,dy’,dz’) (cf. Fig. 8), which lies on the surface (1), so that 
OF oy » UF uy y OF os 


and is perpendicular to the original system of curves. Therefore from 
equation (7) we have | 


Pdx' + Qdy+Rdz' =0 (10) 
Equations (9) and (10) yield the equations 
dx’ dy’ = dz’ hh es 
es ee dx ,dy ,dz ) 
Pp’ OQ’ R’ (11) ( Jy e 
where 
f O 
™ = - 
y (dx,dy, dz) 
; OF OF 
OQ =P~—R- > + (12) 
, OF OF 
R= ox oy Figure 8 


The solution of the equations (11) with the relation (1) gives the system 
of orthogonal trajectories. 

To illustrate the method we shall consider the example referred to 
previously: 


Example 5. Find the orthogonal trajectories on the cone x* + y® = z* tan* « of its 
intersections with the family of planes parallel to z = 0. 


The given system of circles on the cone is characterized by the pair of equations 
x dx + ydy = tan® az dz, dz =0 


which are equivalent to 


De a eel 


The system of orthogonal trajectories is therefore determined by the pair of equations 
x dx + yay = tan* az dz, ydx —xdy =90 


dx dy ztan®adz 
Le., by — = + =, 

x yp x“ + y 
which have solutions 


x? + y? = z* tan® a, x = Cy (13) 
where c, is a parameter. Hence the orthogonal trajectories are the generators of the 


cone formed by the intersection of its surface with the sheaf of planes x = cy 
passing through the z axis (cf. Fig. 7). 
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PROBLEMS 


1. Find the orthogonal trajectories on the surface x? + y? + 2fyz + d =0 of its 
curves of intersection with planes parallel to the plane xOy. 

2. Find the orthogonal trajectories on the sphere x? + y? + z* = a’ of its 
intersections with the paraboloids xy = cz, c being a parameter. 

3. Find the equations of the system of curves on the cylinder 2y = x* orthogonal 
to its intersections with the hyperboloids of the one-parameter system 
xy=27 C. 

4. Show that the orthogonal trajectories on the hyperboloid 


xe4+y—2 =] 


of the conics in which it is cut by the system of planes x + y = ¢ are its 
curves of intersection with the surfaces (x — y)z = k, where k is a parameter. 
5. Find the orthogonal trajectories on the conicoid 


(x + y)z=1 
of the conics in which it is cut by the system of planes 


x—-ytz=k 
where x is a parameter. 


5. Pfaffian Differential Forms and Equations 


The expression 


» F(%1,X0, eo ee Xn) ax, (1) 
v=] 
in which the F; G = 1,2, . . . , m) are functions of some or all of the 7 
independent variables x1, Xe, . . . , Xn, is called a Pfaffian differential 


form in n variables. Similarly the relation 
2, F, dx, = 9 (2) 
t=] 


is called a Pfaffian differential equation. 

There is a fundamental difference between Pfaffian differential 
equations in two variables and those in a higher number of variables, 
and so we shall consider the two types separately. 

In the case of two variables we may write equation (2) in the form 


P(x,y) dx + QO(x,y) dy = 0 (3) 
which is equivalent to 


y = f(x,y) (4) 


if we write f(x,y) = —P/Q. Now the functions P(x,y) and Q(x,y) are 
known functions of x and y, so that f(x,y) is defined uniquely at each 
point of the xy plane at which the functions P(x,y) and Q(x,y) are 
defined. In particular, if these functions are single-valued, then 
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dy/dx is single-valued, so that the solution of equation (3) which satisfies 
the boundary condition y = y, when x = x, consists of the curve which 
passes through this point and whose tangent at each point is defined by 
equation (4). This simple geometrical argument can be formalized! to 
show that the differential equation (3) defines a one-parameter family of 
curves in the xy plane. In other words, it can be shown that there 
exists, at least in a certain region of the xy plane, exactly one function 
¢(x,y) such that the relation 


P(X,Y ) = C (5) 
in which c is a constant, defines a function y(x) which satisfies identically 
the differential equation (3). 

It may happen that the differential form P dx + Q dy may be written 
in the form d¢(x,y), in which case it is said to be exact or integrable. 


Even when the form is not exact, it follows from writing equation (5) 
in the differential form 


8h 1 1 @ 
a 4 x -+-+ ay dy = = () 

that there exists a function ¢(x,y) and a function u(x,y) such that 
Lop 1 Op | 


By multiplying equation (3) by this function u(x,y), we see that it can be 
written in the form 


0 = u(P dx + Ody) = dd 


Because of this property, the function «(x,y) is called an integrating 
factor of the Pfaffian differential equation (3). 
With this nomenclature, we may write the fundamental existence 
theorem in the theory of ordinary differential equations in the form: 
Theorem 2. A Pfaffian differential equation in two variables always 
possesses an integrating factor. 


When there are three variables, the Pfaffian differential equation (2) 
is of the form 
Pdx+ Qdy+Rdz=0 (6) 


where P, Q, and R are functions of x, y, and z. If we introduce the 
vectors X = (P,Q,R) and dr = (dx,dy,dz), we may write this equation 
in the vector notation as 

X:dr=0 (7) 
Before proceeding to the discussion of this equation, we first consider 
two lemmas: 


* Ibid., Appendix A, p. 315. 
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Theorem 3. A necessary and sufficient condition that there exists 


between two functions u(x,y) and v(x,y) a relation F(u,v) = 0, not 
involving x or y explicitly is that 


u,v) 
Oxy) 
_ First, the condition is necessary. For since the relation 
F(u,v) = 0 (8) 


is an identity in x and y, we have as a result of differentiating with 
respect to x 


OF ou dF dv Z 


Qu dx | Ov Ox 
and as a result of differentiating with respect to y 

OF du | aF av _ 

du dy dvdy — 


Eliminating oF /¢év from these two equations, we find that 
OF {du dv dudv\ _ 
du\dx dy dy ax) — 
Since the relation (8) involves both u and 2, it follows that 0F/du is not 
identically zero, so that 
u,v) _ 


x,y) ) 


Second, the condition is sufficient. We may eliminate y from the 
equations 


| u = u(x,y), v = (x,y) 
to obtain the relation 
F(u,v,x) = 0 


From this relation it follows immediately, as a result of differentiating 
with respect to x, that 


OF | Fu | WF _ 
Ox duax dv ax 
and as a result of differentiating with respect to y that 
OF Qu, aF av _ 
Ou dy dv dy 
Eliminating 0F/0v from these equations, we find that 
OF dv Ou,v) OF | 
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If the condition (9) is satisfied, we see that 


oF ov 6 
Ox Oy 


The function v is a function of both x and y, so that dv/dy is not identi- 
cally zero. Hence 
oF 
Ox 
which shows that the function F does not contain the variable x 
explicitly. 
Another result we shall require later is: 
Theorem 4. if X is a vector such that X > curl X = 0 and wu is an 


arbitrary function of x, y, z then (uX) ° curl (uX) = 0. 
For, by the definition! of curl we have 


1X curl pX = (WP) Ann _ Hu2) 


= 0 


Oz 


where X has components (P,Q,R). The right-hand side of this equation 
may be written in the form 


OR | | Ou =| 
2 > iat > 
u 2, P | a 5 lb 2, P O— — PR 


oy 
and the second of these sums is identically zero. Hence 


uX + curl (uX) = {K-curl X}> pw? 
and the theorem follows at once. 

The converse of this theorem is also true, as is seen by applying the 
factor I/u to the vector uX. 

Having proved these preliminary results, we shall now return to the 
discussion of the Pfaffian differential equation (6). It is not true that 
all equations of this form possess integrals. If, however, the equation 
is such that there exists a function “(x,y,z) with the property that 
uP dx + Q dy + R dz) is an exact differential dé, the equation is 
said to be integrable and to possess an integrating factor p(x,y,z). The 
function ¢ is called the primitive of the differential equation. The 
criterion for determining whether or not an equation of the type (6) 
is integrable is contained in: 

Theorem 5. A necessary and sufficient condition that the Pfaffian 
differential equation X + dr = 0 should be integrable is that X + curl X = 0. 

The condition is necessary, for if the equation 


Pdx+ Qdy+Rdz=0 (6) 
1H. Lass, ““Vector and Tensor Analysis” (McGraw-Hill, New York, 1950), p. 45. 


X,Y 2 
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is integrable, there exists between the variables x, y, z a relation of the 


type 
F(x,y,z) = C 
where C is aconstant. Writing this in the differential form 


al 3x + FY + 5 de = 0 


we see that there must exist a function (x,y,z) such that 


OF OF OF 
uP = aa uO — ay UR —= oe 
i1.e., such that 


uX = grad F 
so that since 


curl grad F = 0 
we have 


curl (uX) = 0 
so that 


uX° curl (uX) = 0 
From Theorem 4 it follows that 
X-curl X = 0 


Again, the condition is sufficient. For, if z is treated as a constant, 
the differential equation (6) becomes 


P(x,y,z) dx + QO(x,y,z) dy = 0 
which by Theorem 2 possesses a solution of the form 
U(x, y,Z) —s Cy 


where the “constant” c, may involve z. Also there must exist a function 
uw such that 

0U oU 

= = uQ (10) 


Substituting from the equations (10) into equation (6), we see that the 
latter a may be written in the form 


= OU de + Ute ode + (uR —<) de =0 
which is equivalent to the equation 
dU + Kdz=0 (11) 
if we write 
K = pR — aU (12) 


OZ 
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Now we are given that X > curl X = 0, and it follows from Theorem 4 
that 
uX curl uX = 0 


Now 
uX = (uP,uQ,uR) = (< , s + K) 
= grad U + (0,0,K) 
Hence 
_2U aK aU aK 
Ox Oy dy Ox 
Thus the condition X - curl X = 0 is equivalent to the relation 
OU,K) 
(x,y) 


From Theorem 3 it follows that there exists between U and K a 
relation independent of x and y but not necessarily of z. In other 
words, K can be expressed as a function K(U,z) of U and z alone, and 
equation (11) is of the form 


dU 
ax - K(U,z) = Q 


which, by Theorem 2, has a solution of the form 
O(U,z) = c 


where c is an arbitrary constant. On replacing U by its expression in 
terms of x, y, and z, we obtain the solution in the form 


F(x,y,z) = Cc 


showing that the original equation (6) is integrable. 

Once it has been established that the equation is integrable, it only 
remains to determine an appropriate integrating factor u(x,y,z). We 
shall discuss the solution of Pfaffian differential equations in three 
variables more fully in the next section. Before going on to the 
discussion of methods of solution, we shall first of all prove a theorem 
on integrating factors of Pfaffian differential equations which is of 
some importance in thermodynamics. Since the proof is elementary, 
we shall state the result generally for an equation in n variables: 

Theorem 6. Given one integrating factor of the Pfaffian differential 
equation , 
X, dx, + X,dx,+°:°: +X, dx, = 0 


we can find an infinity of them. 


24 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 


For, if u(x1,X%e, ... .X,) IS an integrating factor of the given 
equation, there exists a function $(%1,X., . . . ,x,) with the property 
that 

Op 
=> or re 
WX; 1, 2, n (13) 


If ®(¢) is an arbitrary function of ¢, we find that the given Pfaffian 
differential _ may be written in the form 


ue (Xy dx, + X_ dx_ + co + X,, dx,) = 0 
which, by virtue of the relations (13), is equivalent to 

aD { d¢ Od _ 

ap fe dx, + a om i a ax, ax, } = 0 
be. 6 a dé = do =0 


with solution 
(9) = 

Thus if w is an integrating factor yielding a solution 4 = c and if ® 
is an arbitrary function of ¢, then yu(d®/d¢) is also an integrating 
factor of the given differential equation. Since ® is arbitrary, there 
are infinitely many integrating factors of this type. 

To show how the theoretical argument outlined in the proof of 
Theorem 5 may be used to derive the solution of a Pfaffian differential 
equation we shall consider: 


Example 6. Verify that the differential equation 
(y? + yz) dx -+ (xz + 2") dy + (y* — xy) dz =0 
is integrable and find its primitive. 
First of all to verify the integrability we note that in this case 
KX = (y? + yz, xz + 2%, y® — xy) 
so that curl X = 2(-x + y —z, y, —y) 
and it is readily verified that 
X* curl X = 0 
If we treat z as a constant, the equation reduces to 
dx dy dy 
or ts 7 Say 
which has solution U(x,y,z) = c,, where 


U(x, y,2) = —-—— 


N ee 
a Pex pWy+zy+z (yr2/ 


and, in the notation of equation (12), 


1 yx + 2) 
a (y + 2)? yy = x) — (y + zy =s 


~& 
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Since K = 0, equation (11) reduces to the simple form dU =0 with solution 
U =c; 1,e., the solution of the original equation is 


Wx + z).= cly + 2z) 
where c is a constant. 


It is of interest to consider the geometrical meaning of integrability. 
The functions y = y(x), z = 2(x) constitute a solution of the equation 


Pdx+Qdy+Rdz=0 (14) 


if they reduce the equation to an identityin x. Geometrically such a 
solution is a curve whose tangential direction 7 at the point X(x,y,z) 
is perpendicular to the line 4 whose direction cosines are proportional 
to (P,Q,R) (cf. Fig. 9), and hence the tangent to an integral curve lies 
in the disk o which is perpendicular 
to A and whose center is (x,y,z). On r 
the other hand, a curve through the 
point X is an integral curve of the 
equation if its tangent at X lies in o. 

When the equation is integrable, 
the integral curves lie on the one- 
parameter family of surfaces 


Any curve on one of these surfaces 
will automatically be an integral 
curve of the equation (14). The Figure 9 
condition of integrability may there- 
fore be thought of as the condition that the disks o should fit together 
to form a one-parameter family of surfaces. 

Another way of looking at it is to say that the equation (14) is 
integrable if there exists a one-parameter family of surfaces orthogonal 
to the two-parameter system of curves determined by the equations 


dx dy dz 


Teron 
—» 


P QO R 


When the equation is not integrable, it still has solutions in the 
following sense. It determines on a given surface S with equation 


U(x, y,z) = 0 (15) 


a one-parameter system of curves. For, eliminating z from equations 
(14) and (15), we have a first-order ordinary differential equation whose 
solution 


y(x,y,c) = 0 
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Is a one-parameter system of cylinders Cy, C,, . . . (cf. Fig. 10) with 
generators parallel to Oz and cutting the surface S in the integral 
curves I’), [.,.... 


Figure 10 


PROBLEMS 


Determine which of the following equations are integrable, and find the solution 
of those which are: 
lL. ydx + xdy + 2zdz =0 
2(z + y)adx + z2(z + x) dy — 2xydz =0 
yz dx + 2xz dy — 3xydz = 0 
2xzax + zdy —dz =0 
(y? + xz) dx + (x? + yz) dy + 3z%dz =0 


Ap wb 


6. Solution of Pfaffian Differential Equations in Three Variables | 


We shall now consider methods by which the solutions of Pfaffian 
differential equations in three variables x, y, z may be derived. 

(a) By Inspection. Once the condition of integrability has been 
verified, it is often possible to derive the primitive of the equation by 
inspection. In particular if the equation is such that curl X = 0, then? 


1 Ibid., p. 46. 
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X must be of the form grad v, and the equation X - dr = 01s equivalent 
to 


dv Ov Ov 
with primitive , 
Ux,y,z) = Cc 


Example 7. Solve the equation 
(x*z — y®) dx + 3xy* dy + x° dz =0 


first showing that it is integrable. 

To test for integrability we note that X = (x?z — y’, 3xy*, x9), so that 
curl X = (0,—2x*, 6y*), and hence X* curl X = 0. 

We may write the equation in the form 


x*(z dx + x dz) — y dx + 3xy*dy =0 


2 
1G; ve ee eee ae ee 
xe x 
3 
1.€., d(xz) + a(*) = () 


so that the primitive of the equation is 


x@z + y = CX 
where c is a constant. 


(b) Variables Separable. In certain cases it is possible to write the 
Pfaffian differential equation in the form 


P(x) dx + Q(y) dy + R(z) dz = 0 


in which case it is immediately obvious that the integral surfaces are 
given by the equation 


[Pe d& + | OO) a + [RE a =e 


where c is a constant. 
Example 8. Solve the equation 
a’y’z* dx + b*z*x® dy + cx*y? dz = 0 
If we divide both sides of this equation by x*y?z*, we have 


qQ b* Cc 


showing that the integral surfaces are 
a bt 
—~+—+—=k 
x Yy 2 


where &k is a constant. 
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(c). One Variable Separable. It may happen that one variable is 
separable, z say, in which case the equation is of the form 


P(x,y) dx + O(x,y) dy + R(z) dz = 0 (1) 
For this equation 
| X = {P(x,y),Q(x,y),R(z)} 


and a simple calculation shows that 


curl X = (0, 0, a — a 


0 oy 
so that the condition for integrability, X - curl X = 0, implies that 
OP 0Q 
Oy Ox 


In other words, P dx + Q dy isan exact differential, du say, and equation 
(1) reduces to 
du + R(z) dz = 0 
with primitive 
u(x,y) -+ { R(z) dz=c 
Example 9. Verify that the equation 
x(y? — a*) dx + yW(x*® — 2") dy — z(y® — a*) dz =0 


is integrable and solve it. 
If we divide throughout by (y* — a*)(x* — z*), we see that the equation assumes 

the form 
x dx — zdz ydy 


x2 — 72 yi -a 


0 


showing that it is separable in y. By the above argument it is therefore integrable if 
oP aR 
az ax 
which is readily shown to be true. To determine the solution of the equation we 
note that it is 
$d log (x* — z*) + $d log (y* — a*) = 0 


so that the solution is 
(x? — 2°? — a") =e 
where c is a constant. 


(d) Homogeneous Equations. The equation 
P(x,y,Z) ax + Q(x,y,2z) dy + R(x,y,z) dz = 0 (2) 


is said to be homogeneous if the functions P, Q, R are homogeneous in 
x, y, Zz of the same degree n. To derive the solution of such an equation 
we make the substitutions 


y = ux, Z = UX (3) 
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Substituting from (3) into (2), we see that equation (2) assumes the form 
P(i,u,v) dx + OCl,u,v)\(u dx + x du) + RU,u,v)(x dv + v dx) = 0 


a factor x” canceling out. If we now write 


7 Q(1,u,v) 
A) = Bea) + uO) FORTE 
aah i R(,u,v) 


P(l,u,v) + uQ(1,u,v) -- vRC,u,v) 
we find that this equation is of the form 
dx 


x 
and can be solved by method (c). 

It is obvious from the above analysis that another way of putting 
the same result is to say that .f the condition of integrability is satisfied 
and P, Q, R are homogeneous functions of x, y, z of the same degree 
and xP -|- yQ + zR does not vanish identically, its reciprocal is an 
integrating factor of the given equation. 


+ A(u,v) du + Blu,v) dv = 0 


Example 10. Verify that the equation 
y2ly + z)dx + x2z(x +z) dy + xy(x + y)dz =0 


is integrable and find its solution. 

It is easy to show that the condition of integrability is satisfied; this will be left 
as an exercise to the reader. Making the substitutions y = ux, z = vx, we find 
thai the equation satisfied by x, u, v is 

uv(u -- v) dx + v(v + l)tudx + x du) -+ uu + Ito dx + x dv) = 0 


which reduces to 
dx  v(v + 1) du + uu + 1) dv 
es a 
x 2uvl + u + v) 


Splitting the factors of du and dv into partial fractions, we see that this is equivalent to 


ax I I l ] 
2— = | dit + j- — ——————_ = 
aap tps t tae : 


or, which is the same thing, 
oh au do al tet ov) 
pe u v L+utov 
The solution of this equation is obviously 
x*uv = c(1 + u + v) 


where cis aconstant. Reverting to the original variables, we see that the solution 
of the given equation is 


xyz =c(x + y + 2) 
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(e). Natani’s Method. In the first instance we treat the variable z as 
though it were constant, and solve the resulting differential equation 


Pdx+ Qdy=0 
Suppose we find that the solution of this equation is 
P(X,)5Z) = Cy (4) 
where c, isaconstant. The solution of equation (2) is then of the form 
(9,2) == Ce (5) 


where c, is a constant, and we can express this solution in the form 


P(X,y,Z) = yz) 
where yw is a function of z alone. To determine the function y(z) we 
observe that, if we give the variable x a fixed value, « say, then 


$(%,y,Z) = plz) (6) 
is a solution of the differential equation 
O(«,y,2) dy + R(a,y,z) dz = 0 (7) 
Now we can find a solution of equation (7) in the form 
(YZ) + + (8) 


by using the methods of the theory of first-order differential equations. 

Since equations (6) and (8) represent general solutions of the same 
differential equation (7), they must be equivalent. ‘Therefore if we 
eliminate the variable y between (6) and (8), we obtain an expression 
for the function y(z). Substituting this expression in equation (6), we 
obtain the solution of the Pfaffian differential equation (2). 

The method is often simplified by choosing a value for «, such as 
O or 1, which makes the labor of solving the differential equation (7) 
as light as possible. 1t is important to remember that it is necessary to 
verify in advance that the equation is integrable before using Natani’s 
method. 


Example 11. Verify that the equation 
z(z 4- y*) dx -+ 2(z +- x") dy — xy + y) dz =0 
is integrable and find its primitive. 
For this equation 
X = {2(z + y®), z(z + x*), —xy(x + y)} 
curl X = 2(--x? —- xy -- z, y® -|- xy -+ Zz, zx — zy) 
and it is soon verified that X + curl X == 0, showing that the equation is integrable. 


An inspection of the equation suggests that it is probably simplest to take dy = 0 
in Natani’s method. The equation then becomes 


Losey lan 
xXx x+y yi a Zz 
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showing that it has the solution 


x(y* + z) _ 
Pere » TY (9) 


If we now let z = 1 in the original equation, we see that it reduces to the simple 
form 
dx dy 


[+x T+, = wm) 


with solution 
tan x + tan“! y = const. 


Writing tan~ (1/c) for the constant and making use of the addition formula 


tan x + tan y = tan Goa 
1 — xy 
we see that the solution of equation (10) is 
an ge (11) 


AY 


This solution must be the form assumed by (9) in the case z = 1; in other words, 
(11) must be equivalent to the relation 


x(y? + 1) 


eee he (12) 


Eliminating x between equations (11) and (12), we find that 


fY) =1 —ey 
Substituting this expression in equation (9), we find that the solution of the 
equation Is 


x(y*? + z) = 2(x + y)(1 — cy) 


(f) Reduction to an Ordinary Differential Equation. \n this method 
we reduce the problem of finding the solution of a Pfaffian differential 
equation of the type (2) to that of integrating one ordinary differential 
equation of the first order in two variables. It is necessary, of course, 
that the condition for integrability should be satisfied. 

If the equation (2) is integrable, it has a solution of the form 


I (yz) =c (13) 


representing a one-parameter family of surfaces in space. These 
integral surfaces will be intersected in a single infinity of curves by the 
plane 

Z=x-+ky (14) 


where k is a constant. The curves so formed will be the solutions of 
the differential equation 


P(x,y,k) dx + g(x, y,k) dy = 0 (15) 
formed by eliminating z between equations (2) and (14). 
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If we have found the solution of the ordinary differential equation 
(15), we may easily find the family of surfaces (13), since we know their 
curves of intersection with planes of the type (14). For the single 
infinity of curves of intersection which pass through one point on the 
axis of the family of planes obtained by varying & in (14) will in general 
form one of the integral surfaces (13). 

Suppose that the general solution of equation (15) is 


$(x,y,k) = const. (16) 
then, since a point on the axis of the planes (13) is determined by 
y = 0, x = c (a constant), we must have 


$(x, yk) = $(c,0,k) (17) 

in order that the curves (16) should pass through this point. When k 
varies, (17) represents the family of curves through the point y = 0, 
=c. If c also varies, we obtain successively the family of curves 
through each point on the axis of (14). That is, if we eliminate k 
between equations (17) and (13), we obtain the integral surfaces required 


in the form 
4(% 7.2=4) = 96 02) (18) 


The complete solution of the Pfaffian differential equation (2) is 
therefore determined once we know the solution (16) of one ordinary 
differential equation of the first order, namely, (15). If it so happens 
that the constant & is a factor of equation (15), then We must use some 
other family of planes in place of (14). 

Theoretically, this method is superior to Natani’s method in that it 
involves the solution of one ordinary differential in two variables 
instead of two as in the previous case. On the other hand, this one 
equation is often more difficult to integrate than either of the equations 
in Natani’s method. 


Example 12. Integrate the equation 
(y + z)dx +(z-+xdy4 (x+ y)dz =0 


The integration of this equation could be effected in a number of ways --by 


methods (a), (d), (e), for instance—but we shall illustrate method ( f) by applying 
it in this case. 


Putting z = x + ky, we find that the equation reduces to the form 


dy, axt+k+2y _ 
dx  (k + 2)x + 2ky 
which is homogeneous in x and y. Making the substitution » = yx, we find that 
dx . {2kv + (k + 2)}dv 
x |) ku® + (k + 2)v +: I 
x* {ku® + (k + 2)v + 1} = const. 
therefore d(x,y,k) = ky? + (k + 2)xy + x? 


2 
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It follows immediately that 


ZK 
4x > =>) = xy + yi + ZX 


and aC 1 ‘| — ¢? 


y 


Writing C for c*, we obtain the solution 
xy + yz+ zx =C 


PROBLEMS 


Verify that the following equations are integrable and find their primitives: 
2y(a — x) dx + [z—- y+ (@ — x)]dy —- ydz =0 

yl + 2*) dx — xUl + 2z*) dy (x? | y*) dz ~0 

(y? = yz -b 2) dx + (z® | zx -| x) dy -r (x? +1 xy + yy") dz = 0 

yzax -+- xzdy -+- xydz =0 

(1 + yz) dx -|x(z--x)dy -(1 | xy)dz --0 

Wx + AQ + z) dx - x(y + 3z) dy + 2xydz —0 

yz dx -+- (x*®y — zx) dy + (x*z — xy) dz = 0 

2yz ax — 2xzdy —~ (x* — y*)\(z — 1) dz -=0 


24S Se eS PS 


7. Carathéodory’s Theorem 


The importance of the analysis of Sec. 5 is that it shows that we 
cannot, in general, find integrating factors for Pfaffian differential 
forms in more than two independent variables. Our discussion has 
shown that Pfaffian differential forms fall into two classes, those which 
are integrable and those which are not. This difference is too abstract 
to be of immediate use in thermodynamical theory, and it is necessary 
to seek a more geometrical characterization of the difference between 
the two classes of Pfaffian forms. 

Before considering the case of three variables, we shall consider the 
case of a Pfaffian differential form in two variables. As a first example 
take the Pfaffian equation 


dx --dy =0 
which obviously has the solution 
x—-y=c (1) 


where cis aconstant. Geometrically this solution consists of a family 
of straight lines all making an angle 7/4 with the positive direction of 
the x axis. Consider now the point (0,0). The only line of the family 
(1) which passes through this point is the line x = y. This line inter- 
sects the circle x? + y® = e? in two points 
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Now it is not possible to go from A to any point on the circle, 
other than B, if we restrict the motion to be always along lines 
of the family (1). Thus, since « may be made as small as we please, it 
follows that arbitrarily close to the point (0,0) there is an infinity. of 
points which cannot be reached by means of lines which are solutions of 
the given Pfaffian differential equation. 

This result is true of the general Pfaffian differential equation in two 


variables. By Theorem 2 there exists a function ¢(x,y) and a function 
u(x,y) such that 


a(x,y){PCy) dx + O(x,y) dy} = dp(xy) 
so that the equation 

Pdx+ Qdy=0 
must possess an integral of the form 


$(X,y) = € (2) 


where cis a constant. Thus through every point of the xy plane there 
passes one, and only one, curve of the one-parameter system (2). From 
any given point in the xy plane we cannot reach all the neighboring 
points by curves which satisfy the given differential equation. We shall 
refer to this state of affairs by the statement that not all the points in the 
neighborhood are accessible from the given point. 

A similar result holds for a Pfaffian differential equation in three 
independent variables. If the equation possesses an integrating factor, 
the situation is precisely the same as in the two-dimensional case. All 


the solutions lie on one or other of the surfaces belonging to the one- 
parameter system. 


d(x, yz) = Cc 


so that we cannot reach ail the points in the neighborhood of a given 
point but only those points which lie on the surface of the family passing 
through the point we are considering. 

By extending the idea of inaccessible points to space of m dimensions 
we may similarly prove: 


Theorem 7. Jf the Pfaffian differential equation 
AX = X, ax, + Xo AX» +- eek 38 + X, dx, — Q 


is integrable, then in any neighborhood, however small, of a given point 
Go, there exists points which are not accessible from Gy along any path 
for which AX = 0. 

What is of interest in thermodynamics is not the direct theorem but 
the converse. That is, we consider whether or not the inaccessibility of 
points in the neighborhood of a given point provides us with a criterion 
for the integrability of the Pfaffian differential equation. If we know 
that in the neighborhood of a given point there are points which are 
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arbitrarily near but inaccessible along curves for which AX = 0, can 
we then assert that the Pfaffian differential equation AX = 0 possesses 
an integrating factor? Carathéodory has shown that the answer to 
this question is in the affirmative. Stated formally his theorem is: 

Theorem 8. Jf a Pfaffian differential form AX = X, dx, + X_dx_ + 
- + + + X,, dx, has the property that in every arbitrarily close neighbor- 
hood of a given point Gy there exist points G which are inaccessible from 
G, along curves for which AX = 0, the corresponding Pfaffian differential 
equation AX = 0 is integrable. 

We shall consider the proof of this theorem in the casen = 3. The 
geometrical concepts are simpler in this case, and the extension to a 
higher number of independent variables is purely formal. 

First of all we shall prove the theorem making use of a method 
suggested by a paper of Buchdahl’s.1. This depends essentially on 
noting that by means of the transformations (10) and (12) of Sec. 5 the 
equation 


Pdx+ Qdy+Rdz= (3) 
may be written in the form 
dU 
——— —- 4 
rs + K(U,y,z) = 0 (4) 


in which, it will be observed, the function K may be expressed as a 
function of the three variables U, y, and z. If we take yp to be fixed, 
we may write equation (4) in the form 


dU -+- K(U,y,z) dz = 0 
which by Theorem 2 has a solution of the form 


U =: $(z,y) (5) 


Now we showed in Sec. 5 that equation (3) was integrable if it could be 
put in the form 


aU 
noe ee a 6 
i.¢c., if, and only if, 
f= 0 (1) 


in a certain region of the yz plane. 

Suppose the point Go(X9,Vo,Z9) is contained in a domain D of the 
xyz space. Thenif P, Q, R, and w are such that Y and K are single- 
valued, finite, and continuous functions of x, y, and z, there is a one-to- 


* H. A. Buchdahl, Am. J. Phys., 17, 44 (1949). 
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one correspondence between the points of D and those of a domain D’ 
of the Uyz space. Let Ho(Uo,Xo,Vo) be the point of D’ corresponding 
to the point Gy of D. We shall now consider how the passage along a 
solution curve of equation (6) from H, to a neighboring point H may 
actually be effected: 

(a) First pass in the plane y = y, from H, to the point H,; then by 
virtue of (5) the coordinates of H, will be {4(zy) + ©’, Yo), Vos Zo + £'}, 
where ¢° denotes the displacement in the z coordinate. Furthermore 
since £7, lies on the same integral curve as Hj, it follows that 


Uo =a P(Zo,V o) 


(6) Next pass in the plane U = $(Z) + 2’, yo) from HA, to the point 
H,. Since z is constant, it follows that the coordinates of A, are 


Figure I 


{P(Zy9 + 2’, vo)> Vo tn—7N', Zo +O}, where 7 — 1’ denotes the 
displacement H,H,. 

(c) Next pass in the plane y = yp + 7 — 77’ to the point A3, which 
then has coordinates {¢(Z) + % yo +7 — 17’), Vo +n —7', Zo + C}, 
¢ — ¢' denoting the change in the z coordinate, 

(d) Finally pass in the plane U = $(Z) + % vo + — 7’) through a 
displacement 7’ to the point H, which then has coordinates 


U=¢2 +4 yotu—-7), y=ytn 2ZHmw2+6 


If the point (Uy -+ €, Vo + &g, Zo + €3), Which is arbitrarily close to 
I (U,Vo,20), 18 accessible from H, along solutions of the equation (4), 
then it is possible to choose the displacement 7, y’, ¢ in such a way that 


$(Zo + §, Vor y= n) — P(Zo,Vo) —= €15 y= €9, C= 6& (8) 


Now if al/ the points in the neighborhood of Hy are accessible from Hp, 
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it follows that. the points (U» + &, Vo, Z>) which lie on the line x = Xp, 
Y= Yo are accessible from Hy. Therefore it should be possible to 
choose a displacement 7’ such that 


{P(Zo, Yo — 1°) — $(Zo,Yo)} = & (9) 


and this is so only if d¢/dy is not identically zero, in which case, as we 
remarked above, the equation is not integrable. 

On the other hand if there are points which are inaccessible from Ho, 
it follows that there exist values of ¢,, ¢., and e, for which the equations 
(8)—or what is the same thing, equation (9)—have no solution. ‘To the 
first order we may write equation (9) in the form 


Od Z 4 
(Eg — 1) (3) = ” as an 2. _ 


If this fails to give a value for 7’, it can only be because 


=| 
= —, 
5; Y=Yq 


i.e., only if the equation is integrable. 

A more geometrical proof of Carathéodory’s theorem has been given 
by Born.t In this proof we consider the solutions of the Pfafhan 
differential equation (3) which lie on a given surface S with parametric 
equations 


x = x(u,v), 5 oo yur), 2 z(u,v) 


These curves will satisfy the two-dimensional Pfaffian differential 
equation 


Fdu + Gdv=0 (10) 
where 
1 Ox Oy dz o Rv 
eee a re aa ae re Ov 


Now, by Theorem 2, equation (10) has a solution of the form 


¢(u,v) = 0 


representing a one-parameter system of curves covering the surlace S. 
Let us now suppose that arbitrarily close to a given point Gy there are 
inaccessible points, and let us further assume that G is one of these 
points. Through G» draw a line 2 which is not a solution of equation 
(3) and which does not pass through G. Let a be the plane defined 
by the line 4 and the point G. 


* M. Born, “Natural Philosophy of Cause and Chance” (Oxford, London, 1949), 
Appendix 7, p. 144. 
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If we now take the plane 7 .to be the surface S, introduced above, we 
see that there is just one curve which lies in the plane 7, passes through 
the point G, and is a solution of equation (3). Suppose this curve 
intersects the line A in the point H; then since G is accessible from H 
and inaccessible from Go, it follows that H 1s inaccessible from Gy. 
Furthermore, since we can choose a point G arbitrarily close to Go, 
the point H may be arbitrarily near to Go. 

Suppose now that the line A is made to move parallel to itself to 
generate a closed cylinder o. Then on the surface o there exists a 


rx 


Jf & 


Figure [2 Figure [3 


curve c which is a solution of (3) and passes through Gy. If the line 4 
cuts the curve c again in a point J, then by continuously deforming the 
cylinder o we can make the point J move along a segment of the line 4 
surrounding the point Gy. In this way we could construct a band of 
accessible points in the vicinity of Gy. But this is contrary to the 
assumption that, arbitrarily close to Go, there exist points on the line A 
(such as 4) which are inaccessible from G,; hence we conclude that 
for each form of o the point J coincides with Gy. 

As the cylinder o is continuously deformed, the closed curve c traces 
out a surface which contains all solutions of the equation (3) passing 
through the point Gp. Since this surface will have an equation of the 
form 


$(X,Y.Z) = P(Xo,VoZ0} 
it follows that there exist functions » and ¢ such that 
u(P dx + Q dy + Rdz) = d¢ 
and so the theorem is proved. 
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8. Application: to Thermodynamics 


Most elementary textbooks on thermodynamics follow the historical 
development of the subject and consequently discuss the basic principles 
in terms of the behavior of several kinds of “‘perfect’’ heat engines. 
This is no doubt advantageous in the training of engineers, but mathe- 
maticians and physicists often feel a need for a more formal approach. 
A more elegant, and at the same time more rational, formulation of the 
foundations of thermodynamics has been developed by Carathéodory 
on the basis of Theorem 8, and will be outlined here. For the full 
details the reader is referred to the original papers.+ 

The first law of thermodynamics is essentially a generalization of 
Joule’s experimental law that whenever heat is generated by mechanical 
forces, the heat evolved is always in a constant ratio to the correspond- 
ing amount of work done by the forces. There are several ways in 
which such a generalization may be framed. That favored by 
Carathéodory is: 


In order to bring a thermodynamical system from a prescribed initial 
state to another prescribed final state adiabatically, it is necessary to do 
a constant amount of mechanical work which is independent of the manner 
in which the change is accomplished and which depends only on the 
prescribed initial and final states of the system. 


It will be observed that in this axiom the idea of quantity of heat is 
not regarded, as it is in the classical theory of Clausitus and Kelvin, as 
being an intuitive one; an adiabatic process can be thought of as one 
taking place in an adiabatic enclosure defined by the property that the 
inner state of any thermodynamical system enclosed within it can be 
altered only by displacing a finite area of the wall of the enclosure. 

Mathematically this first law is equivalent to saying that in such an 
adiabatic process the mechanical work done W is a function of the 
thermodynamical variables (x1,x%2, . . . ,X,) and (x{?,x$?, 2. 2 x)? 
defining the final and initial states of the system and not of the inter- 
mediate values of these variables. Thus we may write 


as oy-(0) ~(0 () 
Wee Wit Mis cx « SR a DD 
and if we consider a simple experiment in which the substance goes from 
the initial state (x{?, . . . ,x®) to an intermediate state (x), 2 2. jx” 
and then to a final state (x,, . . . ,x,), we obtain the functional equation 
ss eae) 0) 
W(x, - © Xn, 2 2. MY) FE WP, we xs) 2. cl) 
=e W(x, oe Mace / 2 wen 


1 C. Carathéodory, Math. Ann., 67, 355 (1909); Sitzber. preuss, Akad. Wiss. 
Physik.-math. Kl., 1925, p. 39. General accounts of Carathéodory’s theory are 
contained in M. Born, Physik. Z., 22, 218, 249, 282 (1921); A. Lande, ““Handbuch 
der Physik” (Springer, Berlin, 1936), vol. 9, chap. IV. 
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for the determination of the function W. This shows that there exists a 
function U(x,, ... ,X,), called the internal energy of the system, with 
the property that 


We, ssw ges cs eR Ow 6 + ed OS a ce EO 
(1) 

If we now consider the case in which the state of the system is changed 
from (x), . . . x?) to (x, .. . ,x,) by applying an amount of work 
W, but mot ensuring that the system is adiabatically enclosed, we find 
that the change in internal energy U(x,, . . . 5X,) — U(x’, . . . ,xi), 
which can be determined experimentally by measuring the amount of 
work necessary to achieve it when the system is adiabatically enclosed, 
will not equal the mechanical work W. The difference between the 
two quantities is defined to be the guantity of heat Q absorbed by the 


system in the course of the nonadiabatic process. ‘Thus the first law 
of thermodynamics is contained in the equation 


Q=-U—U,—W (2) 


In Carathéodory’s theory the idea of quantity of heat is a derived one 
which has no meaning apart from the first law of thermodynamics. 

A gas, defined by its pressure p and its specific volume 2, is the 
simplest kind of thermodynamical system we can consider. It is 
readily shown that if the gas expands by an infinitesimal amount dv, 
the work done by it is —p dv, and this is not an exact differential. 
Hence we should denote the work done in an infinitesimal change of 
the system by AW. On the other hand it is obvious from the definition 
of U that the change in the internal energy in an infinitesimal change 
of the system is an exact differential, and should be denoted by dU. 
Hence we may write (2) in the infinitesimal form 


AQ = dU — AW (3) 


If we take p and v as the thermodynamical variables and put AW = 
—p dv, then for a gas 


AQ =Pdp-+Vdv (4) 
0U 0U 
where —_—* ke tee 4 


Now from Theorem 2 we have immediately that, whatever the forms 
of the functions P and V, there exist functions yu(p,v) and ¢(p,v) such 
that 


w#AQ= do (5) 


showing that, although AQ is not itself an exact differential, it is always 
possible to find a function » of the thermodynamical variables such 
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that wu AQ is an exact differential. This result is a purely mathematical 
consequence of the fact that two thermodynamical variables are 
sufficient for the unique specification of the system. 

It is natural to inquire whether or not such a result is valid when the 
system requires more than two thermodynamical variables for its 
complete specification. If the system is described by the n thermo- 


dynamical variables x,, x, . . . , X,, then equation (4) is replaced by 
a Pfathan form of the type 

t= 1 
in which the X,’s are functions of x,,...,.x,. We know that, in 


general, functions w and ¢ with the property « AQ = dé do not exist 
in this gencral case. If we wish to establish that all thermodynamical 
systems which occur in nature have this property, then we must add a 
new axiom of a physical character. This new physical assumption is 
the second law of thermodynamics. 

In the classical theory the physical basis of the second law of thermo- 
dynamics is the realization that certain changes of state are not physicaily 
realizable; e.g., we get statements of the kind “heat cannot flow from 
a cold body to a hotter one without external control.” In formulating 
the second law, Carathéodory generalizes such statements and then 
makes use of Theorem 8 to obtain mathematical relationships similar 
to those derived by Kelvin and Clausius from their hypotheses. The 
essential point of Carathéodory’s theory is that it formulates the results 
of our experience in a much more general way without loss of any of 
the mathematical results. Carathéodory’s axiom Is: 


Arbitrarily near to any prescribed initial state there exist states which 
cannot be reached from the initial state as a result of adiabatic processes. 


If the first law of thermodynamics leads to an equation of the type 
(6) for the system, then the second law in Carathéodory’s form asserts 
that arbitrarily near to the point (x{”, ... ,x)”) there exist points 
(X41, . . ~ 5X) Which are not accessible from the initial point along 
paths for which AQ = 0. _ It follows immediately from Theorem 8 that 
there exist functions p(x, ... ,x,) and d(x, ... ,x,) with the 


property that 
6 AQ = dp (7) 


The function ¢ occurring in this equation is called the entropy of the 
thermodynamical system. It can be shown that the function uw is, 
apart from a multiplicative constant, a function only of the empirical 
temperature of the system. It is written as 1/T, and T is called the 
absolute temperature of the system. It can further be demonstrated 
that the gas-thermomcter scale based on the equation of state of a 
perfect gas defines a temperature which is directly proportional to 7; 
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by choosing the absolute scale in the appropriate manner we can make 
the two temperatures equal. With this notation we can write equation 
(7) in the familiar form 

AQ F 


= = de (8) 
Theorem 8 shows that such an equation is valid only if we introduce a 


physical assumption in the form of a second law of thermodynamics. 


MISCELLANEOUS PROBLEMS 


1. Find the integral curves of the equations: 


(a) ax _ dy _ dz 
yx — 2x4 2y4 — x8y — 2z(x3 — yp) 
dx ay | dz 

) 2xz yz 2 —x% — 

(c) dx dy dz 


x+y x+y =x ay P22) 
2. Find the integral curves of the equations 


ax  —— ay dz 


cy—bz az—cx bx —ay 


and show that they are circles. 


3. Solve the equations 
ax dy dz 


5 eee ad 


one =e 


+a xy—az xz + ay 
and show that the integral curves are conics. 


4. The components of velocity of a moving point (x,y,z) are (2z — 4x, 2z — 2y, 
2x + 2y -— 3z); determine the path in the general case. 
If the initial point is (5,1,1), show that as ¢ -> oo the limiting point (1,2,2) is 
approached along a parabola in. the plane x + 2y + 2z = 9. 
5. Find the orthogonal trajectories on the cylinder y* = 2z of the curves in which 
it is cut by the system of planes x + z = c, where c is a parameter. 
6. Show that the orthogonal trajectories on the cone 


yz +2zx+xy =0 


of the conics in which it is cut by the system of planes x — y = care its curves 
of intersection with the one-parameter family of surfaces 


(x+y —2z)*ix+yt2z)-k 
7. Find the curves on the paraboloid 
| x? — y* = 2az 
orthogonal to the system of generators 


2a 
x—-—y=dz, ey 


8. 


9, 


10. 


11. 


42. 


13. 


14, 
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Find curves on the cylinder x? + 2y* = 2a? orthogonal to one system of 
circular sections. 
Show that the curves on the surface x* + y* = 2z orthogonal to its curves of 
intersection with the paraboloids yz = cx lie on the cylinders 

x® + 22 + z log (kz) =0 
where & is a parameter. 


Verify that the following equations are integrable and determine their 
primitives : 
(a) zydx — zxdy — y* dz =0 
(b) (y? + 2%) dx + xydy + xzdz =0 
(c) (y+2z)dx + dy + dz =0 
(d) (Qxyz + 2") dx -+ x*zdy + (xz + I) dz =0 
(e) zy dx -- zx* dy — x*y? dz =0 
Cf) x(y® — 2") dx +. y(z® — x*) dy + z(x* — y*) dz =0 
(7) (yy? — 2%) dx + (x% -- 2%) dy + (x + yx + y + 2z) dz = 0 
(h) (y* + yz) dx -+ (xz + 2*) dy + (y* — xy) dz = 0 
(i) 22(y + z)dx — 2xz dy 4- {(y + z)* — x? — 2xz}dz = 
(j) (x? + xy + yz) dx — x(x + z)dy + x*dz =0 
(k) yz -1- 4xz) dx — xz(1 + 2xz) dy -xydz =0 
() (Qxz -+ 2*) dx + 2yzdz — (2x +. 2y® + xz — 2a") dz —0 
(m) (ydx + xdy)(a —z) + xydz =0 
(n) 2x dx 4- (2x*z + 2yz + 2y? + I)dy + dz =0 
(0) 2xz(y -~ z) dx — z(x* -|- 2z) dy + yx? + 2y) dz = 0 
If fi, fo, and f, are homogeneous functions of the same degree in x, y, and z and 
if xf, + yfo + zf, = 0, show that the equation f, dx + fy dy + f,dz =0 is 
integrable. 
Find the general solution of the equation 
(12x -+ 29y)z dx — (ix + 12y)z dy — (2x? -|- 3xy — 2y*) dz = 0 
and BeLenTnE the integral surface which passes through the curve y = 0, 
Zo xX, 


If L, M, Nand P, Q, R are proportional to the direction cosines of two direc- 
tions tangential to the surface f (x,y,z) = 0 at the point (x,y,z) and make equal 
angles with the z axis, show that 


(P? + ONL fs + Mfy)® = (L? + M*V(Pfy + Of, 
and deduce that 
L Pfs — fy) + 2O0fely 
M fy — fx) + 2Phaty 
Hence find the equations of the system of curves on the paraboloid xy = z 
such that each curve, at its intersection with each generator of the system 


x = A, z = Ay, makes with the z axis the same angle as that generator. 
Find the integral curves of the equation 


ydx —xdy+dz=0 
on the surface y = xz. 


Chapter 2 


PARTIAL DIFFERENTIAL EQUATIONS OF THE 
FIRST ORDER 


|. Partial Differential Equations 


We now proceed to the study of partial differential equations proper. 
Such equations arise in geometry and physics when the number of 
independent variables in the problem under discussion is two or more. 
When such is the case, any dependent variable is likely to be a function 
of more than one variable, so that it possesses not ordinary derivatives 
with respect to a single variable but partial derivatives with respect to 
several variables. For instance, in the study of thermal effects in a 
solid body the temperature 6 may vary from point to point in the solid 
as well as from time to time, and, as a consequence, the derivatives 

06 00 06 06 
ax’ oy az at 
will, in general, be nonzero. Furthermore in any particular problem it 
may happen that higher derivatives of the types 
076 0°60 076 
ax?” = Ax Ot = Ox 
may be of physical significance. 

When the laws of physics are applied to a problem of this kind, we 

sometimes obtain a relation between the derivatives of the kind 
a0 070 076 
ee 0) 
Such an equation relating partial derivatives is called a partial differential 
equation. 

Just as in the case of ordinary differential equations, we define the 
order of a partial differential equation to be the order of the derivative 
of highest order occurring in the equation. If, for example, we take 6 
to be the dependent variable and x, y, and ¢ to be independent 
variables, then the equation 


> etc. 


aa 3; (2) 
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is a second-order equation in two variables, the equation 


00\3 0 
(sa) += ” 
is a first-order equation in two variables, while 
00 066 
‘—ts et eS (4) 


is a first-order equation in three variables. 
In this chapter we shall consider partial differential equations of the 
first order, i.e., equations of the type 


0 
rao...) = (5) 


In the main we shall suppose that there are two independent variables x 
and y and that the dependent variable is denoted by z. If we write 


dz Oz 
Pay? FB (6) 
we see that such an equation can be written in the symbolic form 
TS (%Y.2Z,P.g) »= 9 (7) 


2. Origins of First-order Partial Differential Equations 


Before discussing the solution of equations of the type (7) of the last 
section, we shall examine the interesting question of how they arise. 
Suppose that we consider the equation 


Pe (ee Lee (1) 


in which the constants a and c are arbitrary. Then equation (1) 
represents the set of all spheres whose centers lie along the z axis. If 
we differentiate this equation with respect to x, we obtain the relation 


x + p(z—c)=0 
while if we differentiate it with respect to y, we find that 
y+qz—c)=0 


Eliminating the arbitrary constant c from these two equations, we 
obtain the partial differential equation 


yp — xq = 90 (2) 
which is of the first order. In some sense, then, the set of all spheres 


with centers on the z axis is characterized by the partial differential 
equation (2). 
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However, other geometrical entities can be described by the same 
equation. For example, the equation 


x* + y? = (z — c)* tan® « (3) 


in which both of the constants c and « are arbitrary, represents the set of 
all right circular cones whose axes coincide with the line Oz. If we 
differentiate equation (3) first with respect to x and then with respect to 
y, we find that 


plz — c) tan? a = x, g(z — c) tan?« = y (4) 


and, upon eliminating c and « from these relations, we see that for these 
cones also the equation (2) is satisfied. 

Now what the spheres and cones have in common is that they are 
surfaces of revolution which have the line Oz as axes of symmetry. 
All surfaces of revolution with this property are characterized by an 
equation of the form 


z= f(x? + y*) (5) 


where the function fis arbitrary. Now if we write x* + y?: = u and 
differentiate equation (5) with respect to x and y, respectively, we obtain 


the relations 
p= 2xf'U), g= 2yf Ww 


where f’(u) = df /du, from which we obtain equation (2) by eliminating 
the arbitrary function f(u). 

Thus we see that the function z defined by each of the equations (1), 
(3), and (5) is, in some sense, a “solution” of the equation (2). 

We shall now generalize this argument slightly. The relations (1) 
and (3) are both of the type 


F(x,y,z,a,b) =: 0 (6) 


where a and b denote arbitrary constants. If we differentiate this 
equation with respect to x, we obtain the relation 


OF oF OF OF 
5, TPZ, ay 149, 79 (7) 
The set of equations (6) and (7) constitute three equations involving two 
arbitrary constants a and 5, and, in the general case, it will be possible 
to eliminate a and b from these equations to obtain a relation of the 


kind 
I (%y,2,p.q) = 0 (8) 
showing that the system of surfaces (1) gives rise to a partial differential 
equation (8) of the first order. 
The obvious generalization of the relation (5) is a relation between 


x, y, and z of the type 
F(u,v) = 0 (9) 
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where wu and v are known functions of x, y, and z and F is an arbitrary 
function of u and v. If we differentiate equation (9) with respect to 
x and y, respectively, we obtain the equations 


a Ou | a Ov | 
Bu lox O27) * Golax t HPI =° 
OF (cu OF (dv Ov 

7a tb + Hq r 35 (35 + $4 = 


and if we now eliminate 0F/du and OF/dv from these equations, we 
obtain the equation 
O(u,v) (u,v) — A(u,v} 
© yz)" * ex) Oxy) 
which is a partial differential equation of the type (8). 
It should be observed, however, that the partial differential equation 


(10) is a Jinear equation; i.e., the powers of p and gq are both unity, 
whereas equation (8) need not be linear. For example, the cquation 


ea oP ee 


which represents the set of all spheres of unit radius with center in the 
plane xOy, leads to the first-order nonlinear differential equation 


+ (10) 


PROBLEMS 


1. Eliminate the constants a and 6 from the following equations: 
(a) z = (x + a)ly + 8) 
(b) 2z = (ax -|- y)® -|- b 
(c) ax® -+ by? + 2% — I 
2. Eliminate the arbitrary function f from the equations: 
(a) z:= xy 1: f(x? + y*) 
(6) zo x+y + f(xy) 


or(2 


(dq) z=f(x — y) 
(ce) f(x? + y® + 27, 2? — 2xy) = 0 


3. Cauchy’s Problem for First-order Equations 


Though a complete discussion of existence theorems would be out of 
place in a work of this kind, it is important that, even at this elementary 
stage, the student should realize just what is meant by an existence 
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theorem. The business of an existence theorem is to establish con- 
ditions under which we can assert whether or not a given partial 
differential equation has a solution at all; the further step of proving 
that the solution, when it exists, is unique requires a uniqueness theorem. 
The conditions to be satisfied in the case of a first-order partial differ- 
ential equation are conveniently crystallized in the classic problem of 
Cauchy, which in the case of two independent variables may be stated as 
follows: 

Cauchy’s Problem, If | 

(2) Xo(H4), Vo(4), and z,(u) are functions which, together with their 
first derivatives, are continuous in the interval M defined by 
fy OBS fg; 

(dD) And if F(x,y,z,p,g) 1s a continuous function of x, y, z, p, and g 
in a certain region U of the xyzpq space, then it is required to establish 
the existence of a function ¢(x,y) with the following properties: 

(1) ¢(x,y) and its partial derivatives with respect to x and y are 
continuous functions of x and y in a region R of the xy space. 

(2) For all values of x and y lying in R, the point (x, y,A(x,y),¢2(%,y), 
o,(x,y)} lies in U and 


FIX,Y,PXY) PAX) PMY] 


(3) For all « belonging to the interval M, the point {xo(), vo(44)} 
belongs to the region R, and 


PiXo( 14), Voll) } 1 Lg 


Stated geometrically, what we wish to prove is that there exists a 
surface z == (x,y) which passes through the curve I° whose parametric 
equations are 


X== X(t), Y= ypol), 2 =: Zou) (J) 


and at every point of which the direction (p,q,--1) of the normal is such 
that 


F(X, y,Z,p.g) => 9 (2) 


We have given only one form of the problem of Cauchy. The problem 
can in fact be formulated in seven other ways which are equivalent to 
the formulation above. The significant point is that the theorem can- 
not be proved with this degree of generality. To prove the existence 
of a solution of equation (2) passing through a curve with equations (1) 
it is necessary to make some further assumptions about the form of the 
function F and the nature of the curve I. There are, therefore, a whole 
class of existence theorems depending on the nature of these special 

1¥For details the reader is referred to D. Bernstein, ‘‘Existence Theorems in. 


Partial Differential Equations,’ Annals of Mathematics Studies, no. 23, (Princeton, 
Princeton, N.J., 1950), chap. IL. 
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assumptions. We shall-not discuss these existence theorems here but 
shall content ourselves with quoting one of them to show the nature of 
such a theorem. For the proof of it the reader should consult pages 
32 to 36 of Bernstein’s monograph cited above. The classic theorem 
in this field is that due to Sonia Kowalewski: 

Theorem 1. Jf g(y) and ail its derivatives are continuous for 
Ly — pol < 6, if Xo is a given number and zy = g(Vo). Jo = & (Vo), and if 
f(x,y,z,g) and all its partial derivatives are continuous in a region S 
defined by 

Ie — xo <9, ly—yol <8 |g — Gd <9 
then there exists a unique function $(x,y) such that: 

(a) $(x,y) and all its partial derivatives are continuous in a region R 
defined by |x — Xo| < 61, |y — yol < 5a; 

(b) For all (x,y) in R, z == $(x,y) is a solution of the equation 


0z | Oz 

ax =f (x Vs 4s 4 
(c) For all values of y in the interval |y — yo| < 64, $(%,y) = g()). 
Before passing on to the discussion of the solution of first-order 


partial differential equations, we shall say a word about different kinds 
of solutions. We saw in Sec. 2 that relations of the type 


F(x, y,2,a,)) == 0 (3) 


led to partial differential equations of the first order. Any such 
relation which contains two arbitrary constants a and b and is a solution 
of a partial differential equation of the first order is said to be a complete 
solution or a complete integral of that equation. On the other hand 
any relation of the type 

F(u,v) =: 0 (4) 


involving an arbitrary function F connecting two known functions u 
and v of x, y, and z and providing a solution of a first-order partial 
differential equation is called a general solution or a general integral of 
that equation. 

It is obvious that in some sense a general integral provides a much 
broader set of solutions of the partial differential equation in question 
than does a complete integral. We shall see later, however, that this is 
purely illusory in the sense that it is possible to derive a general 
integral of the equation once a complete integral is known (see Sec. 12). 


4, Linear Equations of the First Order 


We have already encountered linear equations of the first order in 
Sec. 2. They are partial differential equations of the form 


Pp+Qq=R (1) 
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where P, Q, and R are given functions of x, y, and z (which do not 
involve p or q), p denotes 0z/0x, g denotes 0z/dy, and we wish to find a 
relation between x, y, and z involving an arbitrary function. The first 
systematic theory of equations of this type was given by Lagrange. 
For that reason equation (1) is frequently referred to as Lagrange’s 
equation. Its generalization to n independent variables is obviously 
the equation 

Aepr + XoPe ts: +X, n= Y (2) 


where X,, Xo, . . . , X,, and Y are functions of n independent variables 
X41, Xo, ... ,X, and a dependent variable f; p,; denotes df /ox, (i = 1, 
2,...,H). It should be observed that in this connection the term 
‘linear’ means that p and gq (or, in the general case, p,, Po, . . . 5 Dn) 
appear to the first degree only but P, Q, R may be any functions of x, y, 
and z. This is in contrast to the situation in the theory of ordinary 
differential equations, where z must also appear linearly. For example, 
the equation 


= + sig dh hcsd 
*y 


is linear, whereas the cies 


dz, . 
‘a. + x 


is not. 
The method of solving linear equations of the form (1) is contained in: 
Theorem 2. Zhe general solution of the linear partial differential 
equation 


Pp+ Qq=R (1) 
F(u,v) = 0 (3) 


where F is an arbitrary function and u(x,y,z) = cy and v(x, y,z) = C, form 
a solution of the equations 


1S 


PO R “ 


We shall prove this theorem in two stages: (a) We shall show that 
all integral surfaces of the equation (1) are generated by the integral 
curves of the equations (4); (5) and then we shall prove that all 
surfaces generated by integral curves of the equations (4) are integral 
surfaces of the equation (1). 

(a) If we are given that z = f(x,y) is an integral surface of the partial 
differential equation (1), then the normal to this surface has direction 
cosines proportional to (p,g,—1), and the differential equation (1) is no 
more than an analytical statement of the fact that this normal is perpen- 
dicular to the direction defined by the direction ratios (P,Q,R). In 
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other words, the direction (P,Q,R) is tangential to the integral surface 
z= f(x,y). 

If, therefore, we start from an arbitrary point M on the surface (cf. 
Fig. 14) and move in such a way that the direction of motion is always 
(P,Q,R), we trace out an integral curve of the equations (4), and since 
P, Q, and R are assumed to be unique, there will be only one such 
curve through M. Further, since (P,Q,R) is always tangential to the 
surface, we never leave the surface. In other words, this integral curve 
of the equations (4) lies completely on the surface. 

We have therefore shown that through each point M of the surface 
there is one and only one integral curve of the equations (4) and that this 
curve lies entirely on the surface. That 
is, the integral surface of the equation (P,Q,R) 

(1) is generated by the integral curves of 
the equations (4). 

(b) Second, if we are given that the 
surface z == f(x,y) is generated by integral 
curves of the cquations (4), then we 
notice that its normal at a general point 
(x,y,z) which is in the direction (0z/dx, 
dz/0y, - -1) will be perpendicular to the 
direction (P,Q,R) of the curves generat- 
ing the surface. — 

p 2 
. v O% Ns 


which is just saad way of saying that 
f(x,y) is an integral surface of equation (1). 

To complete the proof of the theorem we have still to prove that any 
surface generated by the integral curves of the equations (4) has an 
equation of the form (3). Let any curve on the surface which is not a 
particular member of the system 


u(X,y,Z) = C4; v(x, y,Z) == C9 (5) 
$(X,),Z) == 0, ywx,y,z) = 0 (6) 


If the curve (5) is a generating curve of the surface, it will intersect the 
curve (6). The condition that it should do so will be obtamed by 
eliminating x, y, and z from the four equations (5) and (6). This will 
be a relation of the form 


Figure 14 


have equations 


F(c¢1,C,) = 0 (7) 


between the constants c, and c,. The surface is therefore generated by 
curves (5) which obey the condition (7) and will therefore have an 


equation of the form 
F(u,v) = 0 (3) 
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Conversely, any surface of the form (3) is generated by integral curves 
(S) of the equations (4), for it is that surface generated by those curves 
of the system (5) which satisfy the relation .(7). 

This completes the proof of the, theorem. 

We have used a geometrical method of proof to establish this theorem 
because it seems to show most clearly the relation between the two 
equations (1) and (4). The theorem can, however, be proved by purely 
analytical methods as we shall now show: 

Alternative Proof. If the equations (5) satisfy the equations (4), then 
the equations 

u,dx + u, dy + u,dz=0 


must be compatible; i.e., we must have 
Pu, + Qu, + Ru, = 0 
Similarly we must have 
Po, + Qu, + Rv, = 0 
Solving these equations for P, Q, and R, we have 
P = QO _ R 


as Q 
Iuolay2) Hu) [Aex) Buna) ) 
Now we showed in Sec. 2 that the relation 
F(u,v) = 0 
leads to the partial difierential equation 
pu), , Cur) _ 40) - 


Ay,z) 4 Oz,x) (x,y) 


Substituting from equations (8) into equation (9), we see that (3) is a 
solution of the equation (1) if u and v are given by equations (5). 
We shall illustrate the method by considering a particular case: 


Example 1. Find the general solution iM the differential equation 
2m 
a rs = =(% + y)z 
The integral surfaces of this snalieues are generated by the integral curves of the 
equations 


a arc (0) 


The first equation of this set has obviously the integral 
t—yl=c¢, (11) 
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and it follows immediately from the equations that 


dx —dy _— dz 


x>— yr (x + y)z 
which has the integral 


= Co (12) 


Combining the solutions (11) and (12), we see that the integral curves of the equations 
(10) are given by equation (12) and the equation 


<r (13) 
LZ 


and that the curves given by these equations generate the surface 


(2, cn =4 = 0 (14) 


vA 


where the function F is arbitrary. 
It should be observed that this surface can be expressed by equations such as 


P —_ 
= of (*2") 


-~ wye(* =») 


(in which f and ¢ denote arbitrary functions), which are apparently different from 
equation (14). 

The theory we have developed for the case of two independent 
variables can, of course, be readily extended to the case of n independent 
variables, though in this case it is simpler to make use of an analytical 
method of proof than one which depends on the appreciation of 
geometrical ideas. The general theorem is: 


Theorem 3. Jf uf(Xy,X2, . ~~. jX_Z) = ¢c; G@=1,2,...,n) are 
independent solutions of the equations 
OR 
Pr, ty PP, R 


then the relation P(u,,u, . . . Up) = 0, in which the function ® is 
arbitrary, is a general solution of the linear partial differential equation 
Oz Oz 


OZ 
MiG, TG, T ee bP, 


= 


To prove this theorem we first of all note that if the solutions of the 
equations 


Oe te nt + 4% Gee ns (15) 
are 
U i(X1,X 25 2 a XnsZ) —= ¢; i = I, 2, vee gil (16) 
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then the n equations 


Lia a a er (17) 
Fas Ox; Oz 
must be compatible with the equations (15). In other words, we must 
have 
: Ou 
> P = 0 (18) 
j=1 
Solving the set of m equations (18) for P,, we find that 
P 7 R 
7] 0) a ar \Un) OU Uo, U,, 
x, X 3152, X 3415 Xn) OX y,X pg, Xn) 
p= I, 2. .,n (19) 
Un){ O(X1,X2, . » - ,X,) denotes the Jacobian 
Ou, Ou; Ou, 
Ox, Xz OX, 
Ous Os OU» 
Ox, AX, OX», 
Ou, Ou, OU, 
Ox, OX» OX, 


Consider now the relation 
D(ty,Uo, . . » U,) =O (20) 
Differentiating it with respect to x,, we obtain the equation 


— (dO du; . du; = Z 
zi, & sa 
and there are n such equations, one for each value of i. Eliminating 


the m quantities 0OD/du,, . . . , dD/du, from these equations, we obtain 
the relation 


uy, + Un) coe +> Oz O(uy, . 2 94 51,45, Uj 44, ee Un) 
Oxy, -  . Xm eo ee e oX Ox, A(x, = er oX 5192 9X 5415 me Ne al 


= 0 (21) 


Substituting a onesie (19) into the equation (21), we see that the 
function z defined by the relation (20) is a solution of the equation 


Oz Oz OZ 
i + Pap t+ Pg eR (22) 


as we desired to show. 
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Example 2. If u is a function of x, y, and z which satisfies the partial differential 
equation 


Ou Ou Ou 
2 ee eer Pe 


show that u cuntains x, y, and z only in combinations x + y + z and x® + y® + 2?. 
In this case the auxiliary equations are 


ee TS 
eel eee el ET 


and they are equivalent to the three relations 
du = 0 
dx -+- dy + dz=0 
xdx + ydy +zdz=0 
which show that the integrals are 
uU=C, Xt+ytzZ=e, 2P+pP+7 =z’ 
Hence the general solution is of the form 
u=f(x+y +2,x% 4+ y? + 2?) 


as we were required to show. 

It should be observed that there is a simple method of verifying a result of this 
kind once the answer is known. We transform the independent variables from x, y, 
and z to &, 7, and ¢, where& =x+y+2,7 =x*® + y? + 2%, and ¢ is any other 
combination of x, y, and z, say y + z. Then we have 


Ou Ou Ox Ou dy Ou Oz 
Hat He wR on 


and it is readily shown that 


so that 
Cu Ou Ou Ou 
(z ~Y) 3 =(y <5, eas, Tie 


If, therefore, the function u satisfies the given partial differential equation, we have 
du/0¢ = 0, showing that u = f(&,n), which is precisely what we found before. 


PROBLEMS 


Find the general integrals of the linear partial differential equations: 
1. 2(xp — yg) = y* — x* 
2. px(z — 2y") = (z — qy)(z — y*® — 2x’) 
3. px(x + y) = gy(x + y) — (& — y)2x + 2y + 2) 
4, y*p — xyq = x(z — 2y) 
5. (y + zx)p — (x + yz)qg = x* — y 
6. x(x? + 3y)p — y(3x* + yg = 2z(y? — x?) 
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5. Integral Surfaces Passing through a Given Curve 


In the last section we considered a method of finding the general 
solution of a linear partial differential equation. We shall now 
indicate how such a general solution may be used to determine the 
integral surface which passes through a given curve. We shall suppose 
that we have found two solutions 


u(x,y,Z) —= C15 u(x,y,Z) = Co (1) 


of the auxiliary equations (4) of Sec.4. Then, as we saw in that section, 
any solution of the corresponding linear equation 1s of the form 


F(u,v) = 0 (2) 
arising from a relation 
F(C3,Co) — ¢ (3) 


between the constants c, and cz. The problem we have to consider 1s 
that of determining the function F in special circumstances, 
If we wish to find the integral surface which passes through the 
curve c whose parametric equations are 
x=x(t) y= y(t), zZ = 2(f) 
where ¢ is a parameter, then the particular solution (1) must be such that 


u{x(t),yO),2)} =e, — v{x(t),¥(1),2()} = C2 
We therefore have two equations from which we may eliminate the 
single variable ¢ to obtain a relation of the type (3). The solution we are 
seeking is then given by equation (2). 
Example 3. Find the integral surface of the linear partial differential equation 
x(y? + z)p — yx? + z)g = OP — y*)z 


which contains the straight line x + y =0,2z =1. 
The auxiliary equations 


dx dy dz 


eet tad 
ee nnn ee eee 


yt+z) —yo®+2) GF — yPz 
have integrals 
xyZ= Cy, x+y? —22=¢, (4) 

For the curve in question we have the freedom equations 

=f y= -t, z=] 
Substituting these values in the pair of equations (4), we have the pair 

—PM =e, 27%—2 =C, 
and eliminating ¢ from them, we find the relation 

20, +g + 2 =O 

showing that the desired integral surface is 


x? 1. y= + 2xyz —2z2 +2 =0 


PARTIAL DIFFERENTIAL EQUATIONS OF THE FIRST ORDER 37 


PROBLEMS 


1. Find the equation of the integral surface of the differential equation 
2y(z — 3)p + 2x — z)qg = yx — 3) 
which passes through the circle z = 0, x? + y® = 2x. 
2. Find the general integral of the partial differential equation 
(Qxy — l)p + (z — 2x*%q = 2x — yz) 
and also the particular integral which passes through the line x = 1, y = 0. 
3. Find the integral surface of the equation 
(x — yy’p + (y — x)x*q = (x? 4+ y*)z 
through the curve xz = a, y = 0. 
4. Find the general solution of the equation 


2x(y + z*)p + yQy + 2*)¢g = 2° 
and deduce that 
y2(z* + yz — 2y) = x? 
is a solution. 


5. Find the general integral of the equation 
(x —yp+(y—x—2q=2 

and the particular solution through the circle z = 1, x*7 + y® = 1. 

6. Find the general solution of the differential equation 
x(z + 2a)p -+ (xz +- 2yz + 2ay)g = z(z + @) 

Find also the integral surfaces which pass through the curves: 

(a) y=0, 2 = 4ax | 

(6) y = 0, z> + x(z+ a)? =0 


6. Surfaces Orthogonal to a Given System of Surfaces 


An interesting application of the theory of linear partial differential 
equations of the first order is to the determination of the systems of 
surfaces orthogonal to a given system of surfaces. Suppose we are 
given a one-parameter family of surfaces characterized by the equation 


f(%y,2) = € (1) 


and that we wish to find a system of surfaces which cut each of these 
piven surfaces at right angles (cf. Fig. 15). 

The normal at the point (x,y,z) to the surface of the system (1) which 
passes through that point is the direction given by the direction ratios 


_ (of of of 
(P,Q,R) = (ara (2) 
If the surface with equation 


Z = 9(%,y) (3) 
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cuts each surface of the given system orthogonally, then its normal at 
the point (x,y,z) which is in the direction 


0 
(=>, 1) 


is perpendicular to the direction (P,Q,R) of the normal to the surface of 
the set (1) at that point. We there- 


si al fore have the linear partial differen- 
tial equation 
OZ OZ 
P— hese 
f=c, Ox = g oy ” 4) 
for the determination of the surfaces 


(3). Substituting from equations 
(2), we see that this equation is 
equivalent to 


af oz , faz _ a 
ox Ox  Oydy az 
- = Conversely, any solution of the 


fHcy 


linear partial differential equation 
(4) is orthogonal to every surface 
of the system characterized by equa- 
tion (1), for (4) simply states that the 
normal to any solution of (4) is per- 
pendicular to the normal to that 
member of the system (1) which 
passes through the same point. 

The linear equation (4) is therefore the general partial differential 
equation determining the surfaces orthogonal to members of the system 
(1); i.e., the surfaces orthogonal to the system (1) are the surfaces 
generated by the integral curves of the equations 


Figure |5 


dx dy dz (5) 
ofjox  affoy af/dz 
Example 4. Find the surface which intersects the surfaces of the system 
z(x + y) = cz + 1) 


orthogonally and which passes through the circle x? + Y =1,z =1. 
In this instance 


fu Z(x + y) 
3z +1 
so that the equations (5) take the form 
dx dy dz 


z(3z + 1) ~ z3z+1) (&+y) 
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which have solutions 
x—-y=, x+y? —222-2=Cc, 


Thus any surface which is orthogonal to the given surfaces has equation of the form 
x? + y* — 228 — z* = f(x — y) 


For the particular surface passing through the circle x* + y* = 1, z = 1 we must 
take f to be the constant —2. The required surface is therefore 


x? + y® = 223 + 2? —2 


PROBLEMS 


1. Find the surface which is orthogonal to the one-parameter system 
z = cxy(x? + y’) 
and which passes through the hyperbola x* — y* = a*,z = 0. 


2. Find the equation of the system of surfaces which cut orthogonally the cones 
of the system x? + y® + z* = exy. 
3. Find the general equation of surfaces orthogonal to the family given by 


(a) x(x? + y*? + 27) = ay? 
showing that one such orthogonal set consists of the family of spheres given by 
(5) x? 4+ yp? + 22 = coz 


If a family exists, orthogonal to both (a) and (5), show that it must satisfy 
2x(x* — 2*) dx + y(3x? + y* — 2") dy + 22(2x? + y*) dz =0 


Show that such a family in fact exists, and find its equation. 


7. Nonlinear Partial Differential Equations of the First Order 


We turn now to the more difficult problem of finding the solutions 
of the partial differential equation 


F(x, y,2,p,q) = 0 (1) 


in which the function Fis not necessarily linear in p and g. 
We saw in Sec. 2 that the partial differential equation of the two- 


parameter system 
I (x, y,2,a,5) = 0 (2) 


was of this form. It will be shown a little later (Sec. 10) that the 
converse is also true; 1.e., that any partial differential equation of the 
type (1) has solutions of the type (2). Any envelope of the system (2) 
touches at each of its points a member of the system.t It possesses 
therefore the same set of values (x,),z,p,q) as the particular surface, 
so that it must also be a solution of the differential equation. In this 


1 The properties of one- and two-parameter systems of surfaces are outlined 
briefly in the Appendix. 
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way we are led to three classes of integrals of a partial differential 
equation of the type (1): 
(a) Two-parameter systems of surfaces 


f (%.y,2,a,b) = 0 


Such an integral is called a complete integral. 
(6) If we take any one-parameter subsystem 


f {x,y,2,a,$(a)} = 0 

of the system (2), and form its envelope, we obtain a solution of equation 
(1). When the function ¢(a) which defines this subsystem is arbitrary, 
the solution obtained is called the general integral of (1) corresponding 
to the complete integral (2). When a definite function (a) is used, we 
obtain a particular case of the general integral. 

(c) If the envelope of the two-parameter system (2) exists, it is also a 
solution of the equation (1); it is called the singular integral of the 


equation. 
We can illustrate these three kinds of solution with reference to the 


partial differential equation 
ZJi+p+¢)=—1 (3) 
We showed in Sec. 2 that 
(x—avrt+(y—br42=1 (4) 


was a Solution of this equation with arbitrary aand 6. Since it contains 
two arbitrary constants, the solution (4) is thus a complete integral of 
the equation (3). 

Putting 5 = ain equation (4), we obtain the one-parameter subsystem 


(x —a’+(y—af?t+2=1 
whose envelope is obtained by eliminating a between this equation and 
x+y—2a=0 


(x — y?? + 227 = 2 (5) 
Differentiating both sides of this equation with respect to x and y, 
respectively, we obtain the relations 


so that it has equation 


2zp=y—x, €qex—y 
from which it follows immediately that (5) is an integral surface of the 
equation (3). It 1s a solution of type (0); Le., it is a general integral 
of the equation (3). 
The envelope of the two-parameter system (3) is obtained by elimi- 
nating a and b from equation (4) and the two equations 


x—-a=0O y—b=0 
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i.e., the envelope consists of the pair of planes z= +1. It is readily 
verified that these planes are integral surfaces of the equation (3); since 
they are of type (c) they constitute the singular integral of the equation. 

it should be noted that, theoretically, it is always possible to obtain 
different complete integrals which are not equivalent to each other, i.e., 
which cannot be obtained from one another merely by a change in the 
choice of arbitrary constants. When, however, one complete integral 
has been obtained, every other solution, including every other complete 
integral, appears among the solutions of type (5) and (c) corresponding 
to the complete integral we have found. 

To illustrate both these points we note that 

(y — mx — cy = (1 + m*)(1 — 2?) (6) 

is a complete integral of equation (3), since it contains two arbitrary 
constants m and c, and it cannot be derived from the complete integral 
(4) by a simple change in the values ofaand b. It can be readily shown, 
however, that the solution (6) is the envelope of the one-parameter 
subsystem of (4) obtained by taking b = ma +c. 


PROBLEMS 


1. Verify that z = ax + by + a+ 6 — a6 is a complete integral of the partial 
differential equation 
Ze px | qy + p + q — pq 
where a and d are arbitrary constants. Show that the envelope of all planes 
corresponding to complete integrals provides a singular solution of the 
differential equation, and determine a general solution by finding the envelope 
of those planes that pass through the origin. 


2. Verify that the equations 


(a) z=: V2x -+-at V2y + b 
(b) z+ ye = ACL + A*Y(X + Ay) 
are both complete integrals of the partial differential equation 
i 1 
BB 
P | 


Show, further, that the complete integral (5) is the envelope of the one- 
parameter subsystem obtained by taking 
a ft 


o= —-a-T+a 


in the solution (a). 


8. Cauchy’s Method of Characteristics 


We shall now consider methods of solving the nonlinear partial 
differential equation 


F (x3 2) =O (1) 
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In this section we shall consider a method, due to Cauchy, which is 
based largely on geometrical ideas. 

The plane passing through the point P(x 9,yo,Z9) with its normal 
parallel to the direction n defined by the direction ratios (po,g9,—1) is 
uniquely specified by the set of numbers D(xo,Vo,Z0,P 0.90). Conversely 
any such set of five real numbers defines a plane in three-dimensional 
space. For this reason a set of five numbers D(x,y,z,p,q) is called a 
plane element of the space. In particular a plane element (%o,V»,Z9,P 0.90) 
whose components satisfy an equation 


F(x, y,Z,P.9) = 0 (2) 


is called an integral element of the equation (2) at the point (%o,V9,Z5). 
It is theoretically possible to solve 
an equation of the type (2) to 
obtain an expression 


q = G(x,y,2Z,p) (3) 

from which to calculate g when x, 

o/, y, Z, and p are known. Keeping 

Xo Yo, and Z, fixed and varying 

p, we obtain a set of plane 

elements {Xo,Vo,Z0,P>G(Xo.VosZosP) }> 

Plane element which depend on the single para- 

Figure 16 meter p. As p varies, we obtain 

a set of plane elements all of which 

pass through the point P and which therefore envelop a cone with 

vertex P; the cone so generated is called the elementary cone of 
equation (2) at the point P (cf. Fig. 16). 

Consider now a surface S' whose equation is 
z = 2(x,y) (4) 
If the function g(x,y) and its first partial derivatives 2,(x,y), g,(x,y) are 


continuous in a certain region R of the xy plane, then the tangent plane 
at each point of S determines a plane element of the type 


{Xo,Vor8(XoYo)SalXoVo)sSu(%orVo) } (5) 
which we shall call the tangent element of the surface S at the point 
{X0,Vor28(%orVo) }- 

It is obvious on geometrical grounds that: 

Theorem 4. A necessary and sufficient condition that a surface be an 
integral surface of a partial differential equation is that at each point its 
tangent element should touch the elementary cone of the equation. 

A curve C with parametric equations 


x=Xxt), y=yit), z=2(t) (6) 
lies on the surface (4) if 


n Elementary cone 


z(t) = gix(t), Wo} 


PARTIAL DIFFERENTIAL EQUATIONS OF THE FIRST ORDER 63 


for all values of ¢ in the appropriate interval J. If Pp» is a point on this 
curve determined by the parameters f), then the direction ratios of the 
tangent line PyP, (cf. Fig. 17) are {x’(t),y'(to),z’(fo)}, where x’(fo) 
denotes the value of dx/dt when t =f), etc. This direction will be 
perpendicular to the direction (po,go,—1) if 


Z'(to) = PoXo (fo) + FoVo (fo) 
For this reason we say that any set 


(x(t), y(2),2(),p@).9@) 3 (7) 
of five real functions satisfying the condition 
Z(t) = px") + Oy’ (8) 


defines a strip at the point (x,y,z) of the curve C. If such a strip is 
also an integral element of equa- 

tion (2), we say that it is an integral (Do Aor-}) 

strip of equation (2); 1.e., the set 
of functions (7) is an integral strip 
of equation (2) provided they 
satisfy condition (8) and the further 
condition 


Fix(t),yO,2(1), p,q} = 0 @) 
for all ¢ in 1. 

If at each point the curve (6) 
touches a generator of the elemen- 
tary cone, we say that the corresponding strip is a characteristic strip. 
We shall now derive the equations determining a characteristic strip. 
The point (x + dx, y + dy, z + dz) lies in the tangent plane to the 
elementary cone at P if 


Figure 17 


dz=pdx+qdy (10) 


where p, g satisfy the relation (2). Differentiating (10) with respect to 
Pp, we obtain 


_ dq 
where, from (2), 
OF OF dq — 


Solving the equations (10), (11), and (12) for the ratios of dy, dz to dx, 
we obtain 


et ed ae ed sara | (13) 


so that along a characteristic strip x’(¢), y’(¢), z’(4) must be proportional 
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to F,, F,, pF, 4+ gF,, respectively. If we choose the parameter ¢ in 
such a way that 


x(t) = | ee ya) = Fy (14) 
then 
z(t) = pF, + qf, (15) 
Along a characteristic strip p is a function of ¢ so that 
d 
ro=2x@O4+ 3p 0 
_ Opok | op . 
~ Ox ap dy Og 
_ OF , ag OF 
— Ox dp Ox dg 


since 0p/éy = og/ox. Differentiating equation (2) with respect to x, 
we find that 
OF OF OF op | oF 0g 


i” "Se" ae 
so that on a characteristic strip 
pl = —(f. + pF.) (16) 
and it can be shown similarly that 
q(t) = —y, + qk.) (17) 


Collecting equations (14) to (17) together, we see that we have the 
following system of five ordinary differential equations for the deter- 
mination of the characteristic strip 


x(t) = Ly, y(t) = as z(t) = pF, +r qh 
P(t) = —F, — pF g(t) = —F, — gF, 


These equations are known as the characteristic equations of the differ- 
ential equation (2). These equations are of the same type as those 
considered in Sec. 2 of Chap. 1, so that it follows, from a simple 
extension of Theorem 1 of that section, that, if the functions which 
appear in equations (18) satisfy a Lipschitz condition, there is a unique 
solution of the equations for each prescribed set of initial values of the 
variables. Therefore the characteristic strip is determined uniquely by 
any initial element (Xo,V09,Zo,Po.9o) and any initial value f, of f. 

The main theorem about characteristic strips is: 

Theorem 5. Along every characteristic strip of the equation 
F(X,y,Z,P.q) = 0 the function F(x,y,z,p,q) is a constant. 


(18) 
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The proof is .a matter simply of calculation. Along a characteristic 
strip we have 


a 

& F{x(t),y(1),2(0,p(0).q(0)} 
=Fyx + Ky + Fz + Fp’ + Bq’ 
= Fal. i ok a + FApF, + GF.) — FF, + pF,) — FF, + gF,) 
= 0 

so that F(x,y,z,p,g) = k, a constant along the strip. 

As a corollary we have immediately: 

Theorem 6. Jf a characteristic strip contains at least one integral 
element of F(x,y,z,p,g) = 0 it is an integral strip of the equation 
PRD teks) = 0. 

We are now in a position to solve Cauchy’s problem. Suppose we 


wish to find the solution of the partial differential equation (1) which 
passes through a curve I’ whose freedom equations are 


x= Hv), y=), 2= xv) (19) 


then in the solution 
= X(Po:4o.XorVorZolost), ete. (20) 


of the characteristic equations (18) we may take 
Xq == Av), Yo = Pl), Zo = xv) 


as the initial values of x, y, z. The corresponding initial values of 
Pos Yo are détermined by the relations 


% (LY) = Po (&) + Goh &) 
F{0(v),6(v),x(v),Po9o0} == 0 


If we substitute these values of Xo, Yo, Zo, Po. Go and the appropriate 
value of fy) in equation (20), we find that x, y, z can be expressed in 
terms of the two parameters f, v, to give 


x= Xy(v,t), y ac Y,(v,1), oi Z(v,t) (21) 
Eliminating v, ¢ from these three equations, we get a relation 
Wx,y,Z) = 0 


which 1s the equation of the integral surface of equation (1) through 
the curve I. We shall illustrate this procedure by an example. 


Example 5. Find the solution of the equation 
z = $(p® + gq) + (p — x\q — y) 


which passes through the x-axis. 
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It is readily shown that the initial values are 
Xy=v, yg = 9, Z~=90, py = 9, do = 20, ty = 0 


The characteristic equations of this partial differential equation are 


2 
dt 


d d | 
=ptq-y);, < =pt+q-%, —=pip+q-y+qpt+q-% 
dq _ 


d 
uP TI-y PTI % 


from which it follows immediately that 


xX=vu+p y=q-—2v 


Also it is readily shown that 


d d 
mPt+I—-~M=Pt+a-% alipt+a-y=ptaq-y 


giving 


Hence we have 


P+q—-x=ve", p+tqa-—y =2uve! 


x =v(2e'-1), y=oe'—1), p=2v(e'*1),¢=v(e8 +1) (22) 


Substituting in the third of the characteristic equations, we have 


az 
a= = 5y%e2t — 3y2e' 
dt 


with solution 


= gu%(e*4 — 1) — 3v%(ef — 1) (23) 


Now from the first pair of equations (22) we have 


Pas 


lea oes v=x—2y 
so that substituting in (23), we obtain the solution 
z = $y(4x — 3y) 
PROBLEMS 
1. Find the characteristics of the equation pg = z, and determine the integral 
surface which passes through the parabola x = 0, y® = z. 
2. Write down, and integrate completely, the equations for the characteristics of 
(I + g*%)z = px 
expressing x, y, Zz, and p in terms of ¢, where g = tan ¢, and determine the 
integral surface which passes through the parabola x* = 2z, y = 0. 
3. Determine the characteristics of the equation z = p* — g*, and find the 
integral surface which passes through the parabola 4z.+ x* = 0, y = 0. 
4, Integrate the equations for the characteristics of the equation 


pt+g =4z 


expressing x, y, Zz, and p in terms of g, and then find the solutions of this 
equation which reduce to z = x? + 1 when y = 0. 
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9. Compatible Systems of First-order Equations 


We shall next consider the condition to be satisfied in order that every 
solution of the first-order partial differential equation 


f(x.y,2,p,g) = 9 (1) 
is also a solution of the equation 
8(x,Y,2,p.4) = 0 (2) 
When such a situation arises, the equations are said to be compatible. 
If 
1,8) 
J= + 0 3 
O( p,q) ©) 
we can solve equations (1) and (2) to obtain the explicit expressions 
p= o(%y,z), 4g = v(x,y,2) (4) 


for pandg. The condition that the pair of equations (1) and (2) should 
be compatible reduces then to the condition that the system of equations 
(4) should be completely integrable, 1.e., that the equation 


pax + pdy —dz=0 


should be integrable. From Theorem 5 of Chap. 1 we see that the 
condition that this equation is integrable is 


which is equivalent to 
Yo 1 PY, = o, + »¢, (5) 


Substituting from equations (4) into equation (1) and differentiating 
with regard to x and z, respectively, we obtain the equations 


7, + foPe ae he = 0 
ti + foPz + fo, — v 
from which it is readily deduced that 
fa t+ Of. + folPe + Pz) + flPe + bY) = O 
Similarly we may deduce from equation (2) that 


Sx 7 2 z + LAPx ae pp,) + LACE + by.) = 0} 
Solving these equations, we find that 


_ lf fg) . , CAs) 
a +b. = 51g + 5ST 6) 


where J is defined as equation (3). 
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If we had differentiated the given pair of equations with respect to 
y and z, we should have obtained 


_ _lfofAg) , , hg 
hale — a5 *? Az9) " 


so that, substituting from equations (6) and (7) into equation (5) and 
replacing ¢, y by p, g, respectively, we see that the condition that the 
two conditions should be compatible is that 


[fg] = 0 (8) 
fg) , Afg) . Whe) . , Whe) 
_— Lng] = O(x,p) TP zp) Ay.gq) ~ 2,9) v) 
Example 6. Show that the equations 
xp=yq, 2(xp + yg) = 2xy 


are compatible and solve them, 
In this example we may take f = xp — yg, g = z(xp + yg) — 2xy so that 


f,8) _ f8) _ os 78) _ (f.g) 
xp) > Mepy  yg  Heg) 


from which it follows that 


[fg] = xp(yq — xp) = 0 


since xp = yp. The equations are therefore compatible. 
It is readily shown that p = y/z, g = x/z, so that we have to solve 


zdz=ydx+xdy 
which has solution 
z® = ¢, + 2xy 
where c, 1s a constant. 


PROBLEMS 


1. Show that the equations 
2 


xp — yg =X, x“P + qG = Xz 
are compatible and find their solution. 


2. Show that the equation z = px + qy is compatible with any equation 
f(%,y,Z,p,g) = 0 that is homogeneous in x, y, and z. 
Solve completely the simultaneous equations 


z=px+qy, 2xy(p* + 4g’) = z(yp + xq) 
3. Show that the equations f(x,y,p,q) = 0, e(x.y,p.g) = 0 are compatible if 
UE) UfE) _ 
x,p)  ay,9) 
Verify that the equations p = P(x,y), g = Q(x,y) are compatible if 
oP ag 
iy ~ ox 
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4. Ifu, = eufax, ug = eufey, ug = Gu/ ez, show that the equations 
f OY, Z,Uy,Ua,U3,) — 0, O(X,Y,Z,ly,Ua,Ug) = 0 


are compatible if 
8) , Xhg) , Xfrg) 
; : ae ¢) 
Ax)” Aysug) ” (zu) 


10. Charpit’s Method 
A method of solving the partial differential equation 
I (%y,2,p.g) = 9 (1) 


due to Charpit, is based on the considerations of the last section. The 


fundamental idea in Charpit’s method is the introduction of a second 
partial differential equation of the first order 


2(X,),Z,PrGsa) = 0 (2) 
which contains an arbitrary constant a and which is such that: 
(a) Equations (1) and (2) can be solved to give 


p=py,z,€), 9 = q(%y,z,a) 
(5) The equation 
dz = p(x,y,z,a) dx -+ 4(x,y,z,a) dy (3) 
is integrable. 
When such a function g has been found, the solution of equation (3) 
F(x, y,Z,a,b) = 0 (4) 


containing two arbitrary constants a, 5 will be a solution of equation (1). 
From the considerations of Sec. 7 it will be seen that equation (4) is a 
complete integral of equation (1). 

The main problem then is the determination of the second equation 
(2), but this has already been solved in the last section, since we need 
only seek an equation g = 0 compatible with the given equation f = 0. 
The conditions for this are symbolized in equations (3) and (8) of the 
last section. Expanding the latter equation, we see that it is equivalent 
to the linear partial differential equation 


og og . ag 
Jn ay t lay, + Plo + fa) Oz 
Og Og 
wot F + pf.) ap nee Ty + 9I) 3g = 9 (5) 


for the determination of g. Our problem then ts to find a solution of 
this equation, as simple as possible, involving an arbitrary constant a, 
and this we do by finding an integral of the subsidiary equations 


ax dy az dp dq 


i! ec: a es. Ae 6 
Ih thtdk hsm —G+an © 
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in accordance with Theorem 3. These equations, which are known as 
Charpit’s equations, are equivalent to the characteristic equations (18) 


of Sec. 8. 


Once an integral 2(x,y,z,p,9,a) of this kind has been found, the problem 
reduces to solving for p, g, and then integrating equation (3) by the 
methods of Sec. 6 of Chap. 1. It should be noted that not all of 
Charpit’s equations (6) need be used, but that p or g must occur in the 


solution obtained. 
Example 7. Find a complete integral of the equation 


pxt+qy =z 
The auxiliary equations are 


ax dy dz dp dg 


cd omet® 
ema eee eee 0 SE ee ee ee a 


from which it follows that 
p'dx +2pxdp @dy + 2qydq 
p’x q°y 
and hence that 
px = aq"y 
where ais a constant. Solving equations (7) and (8) for p, g, we have 


“lara? to lrtayl 
Pl + apa ’ 1“ \a + ay 
so that equation (3) becomes in this case 
4 $ +. 
( +2) dz = (<) dx + (2) dy 
z x y 
{i + a)z} = (ax)? + yt +5 
which is therefore a complete integral of (7). 


with solution 


PROBLEMS 


Find the complete integrals of the equations: 


1. (p? + Py = 92 

2. p =(z +qy) 

3. 2° = pqxy 

4. xp + 3yq = 2(z — x*q*) 

5. px? — 4g*x* + 6x*z —2 =0 
6. 2(y + zq) = g(xp + yq) 

7. 2(z + xp + yq) = yp” 


I]. Special Types of First-order Equations 


(7) 


(3) 


In this section we shall consider some special types of first-order 
partial differential equations whose solutions may be obtained easily 


by Charpit’s method. 
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(a) Equations Involving Only p and q. For equations of the type 


Charpit’s equations reduce to 


RARE 
— lee 
=e esrecray 


fn fa Plho+afr 9 0 


An obvious solution of these equations is 


p=a (2) 
the corresponding value of g being obtained from (1) in the form 
f (aq) = 9 (3) 
so that g = Q(a) 


a constant. The solution of the equation is then 


z= ax + Ofa)y + b (4) 


where 6 is a constant. 

We have chosen the equation dp = 0 to provide our second equation. 
In some problems the amount of computation involved is considerably 
reduced if we take instead dg = 0, leading to q == a. 

Example 8. Find a complete integral of the equation pq =: 1. 


In this case O(a) = I/a, so that we see, from equation (4), that a complete 
integral is 


z=ax+~ +6 


which is equivalent to 
a*x -+y-—az=c 


where a, c are arbitrary constants. 


(b) Equations Not Involving the Independent Variables. Mf the partial 
differential equation is of the type 


} (Z,p.q) = 0 (5) 
Charpit’s equations take the forms 
dx ay dz dp dq 


fo fy Plot+%h —Pf. —fh: 
the last of which leads to the relation 
p= aq (6) 


Solving (5) and (6), we obtain expressions for p, g from which a complete 
integral follows immediately. 
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Example 9. Find a complete integral of the equation p*z* + q? = 
Putting p = aq, we find that 


@(l + az") = 1, g=(1+a%2")-?,  p=all + az’)? 
Hence (1 + a°2z*)t dz =adx + dy 
which leads to the complete integral 
az(1 + a?z)? — log [az + (1 + a?z?)t) = 2a(ax + y + 5) 


(c) Separable Equations. We say that a first-order partial differential 
is separable if it can be written in the form 


} (xp) = g(y.9) (7) 
For such an equation Charpit’s equations become 
dx dy dz dcp = gg 
fo 8 Plo— Wa fe —b 
so that we have an ordinary differential equation 
2 . _fz 
. 


in x and p which may be solved to give p as a function of x and an 
arbitrary constant a. Writing this equation in the form f, dp + f, dx 
= Q, we see that its solution is f(x,p) = a. Hence we determine p, ¢ 


from the relations 
fup)=a,  glygq) =a (8) 
and then proceed as in the general theory. 


Example 10. Find a complete integral of the equation p*y(1 + x*) = qx". 
We first observe that we can write the equation in the form 


pil +x*)  q 
x? y 
so that | eae ’ q = any 
Vio+ x 
and hence a complete integral is 
z=aVil+ x2 + 4hary +6 


where a and 4 are constants. 


(d) Clairaut Equations. A first-order partial differential equation is 
said to be of Clairaut type if it can be written in the form 


z= px + qy + f (p,q) (9) 
The corresponding Charpit equations are 
dx dy dz dp dg 


— a a amie aa eae =a ae 


xt+fp yth pxtqvtPt+ah 9 0 
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So that we may. take p = a,qg=b. If we substitute these values in (9), 
we get the complete integral 


z= ax + by + f(a,b) (10) 
as is readily verified by direct differentiation. 
Example 11. Find a complete integral of the equation 
(p + gz -- xp - yq) =} 


Writing this equation in the form 


J 
zZ=xp + yg | —— 
we see that a complete integral is 


ax -- by 4 
ZL -{- eee 
J aibh 


PROBLEMS 
Find complete integrals of the equations: 
1. p -+ q = pg 
2.zZ = p®--¢@ 
3; zpq 7p +a 


4, p'gi? by?) = p? +4 
5. Pg’ .-|- xy? Bs x? g?( x? 4 y*) 
6. pgz = p(xq + p*) + Pup | 4’) 


12. Solutions Satisfying Given Conditions 
In this section we shall consider the determination of surfaces which 
satisfy the partial differential equation 
F(x, y,2,),g) ° = 0 (1) 


and which satisfy some other condition such as passing through a given 
curve or circumscribing a given surface. We shall also consider how to 
derive one complete integral from another. 

First of all, we shall discuss how to determine the solution of (1) 
which passes through a given curve C which has parametric equations 


x=x(t), y= yd), z= Z(t) (2) 


t being a parameter. If there is an integral surface of the equation (1) 
through the curve C, then it is: 
(a) A particular case of the complete integral 


f (&% y,Z,a,6) aa (3) 
obtained by giving a or 6 particular values; or 
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(b) A particular case of the general integral corresponding to (3), 
i.c., the envelope of a one-parameter subsystem of (3); or 
(c) The envelope of the two-parameter system (3). 


It seems unlikely that the solution would fall into either (a) or (c) so 
we consider the case (6), which is the one which occurs most frequently. 
We suppose, therefore, that a surface, E say, of type (6) exists and 
passes through the curve C. At every one of its points this envelope E 
is touched by some member of the subsystem. In particular at each 
point P of the curve C we may suppose it to be touched by a member, 
S,, say, of the subsystem, and since S, touches £ at P, it also touches C 
at the same point. In other words, Fis the envelope of a one-parameter 
subsystem of (3) each of whose members touches the curve C, provided. 
that such a subsystem exists. To determine F, then, we must consider 
the subsystem made up of those members of the family (3) which touch 
the curve C. The points of intersection of the surface (3) and the curve 
C are determined in terms of the parameter ¢ by the equation 


Ff (x(t), y(@),2(2),4,5 } = 0 (4) 


and the condition that the curve C should touch the surface (3) is that 
the equation (4) must have two equal roots or, what is the same thing, 
that equation (4) and the equation 


Ef (x(,y,20).,b} = 0 (5 


should have a common root. The condition for this to be so is the 
eliminant of t from (4) and (5), 


y(a,b) = 0 (6) 


which is a relation between a and 6 alone. The equation (6) may be 
factorized into a set of alternative equations 


b= $a), 5b=$,(a),... (7) 


each of which defines a subsystem of one parameter. ‘The envelope of 
each of these one-parameter subsystems is a solution of the problem. 


Example 12. Find a complete integral of the partial differential equation 
(pt + qx = pz 


and deduce the solution which passes through the curve x = 0, z* = 4y. 
It may readily be shown that 


z* = a’x® + (ay + b) (8) 


is a complete integral, and it is left to the reader to do so. 
The parametric equations of the given curve are 


x=0, y=, z=2t (9) 
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The intersections of (8) and (9) are therefore determined by 
4? = (at? + b) 
Le., by a*t* + (2ab — 4)27 + Bb? =0 
and this equation has equal roots if 
(ab — 2)? = a?b? 
Le., if ab=1 


The appropriate one-parameter subsystem is therefore 


1\? 
Zz" = ax + ( ay +4) 
1.e., a*(x? + y?) + AQy — zy) +1 =0 
and this has for its envelope the surface 
(2y — z®)* = 4(x? 4- y’) (10) 
The function z defined by equation (10) is the solution of the problem. 


The problem of deriving one complete integral from another may be 
treated in a very similar way. Suppose we know that 


f (x,y,2,4,b) = 0 (11) 
is a complete integral and wish to show that another relation 
2(x, y,z,h,k) = 0) (12) 


involving two arbitrary constants h, k is also a complete integral. We 
choose on the surface (12) a curve I’ in whose equations the constants 
h, k appear as independent parameters and then find the envelope of the 
One-parameter subsystem of (11) touching the curve I. Since this 
solution contains two arbitrary constants, it is a complete integral. 


Example 13. Show that the equation 


xpq + yq° = 1 
has complete integrals | 
(a) (z + b)® = A(ax + y) 
(b) kx(z +h) = ky + x 


and deduce (b) from (a). 
The two complete integrals may be derived from the characteristic equations. 
Consider the curve 
y=0, x=k(z +h (13) 


on the surface (6). At the intersections of (a) and (13) we have 
(z + b)* — 4ak(z + 6) + 4ak(b —h) =0 


and this has equal roots if 
a’k* = ak(b — h) 
Le., if ak =Oorb =h + ak, 
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The subsystem given by a = 0 cannot be the desired one since its envelope does 
not depend on andk. The second subsystem has equation 
(z +h + ak)* = 4ax + y) 
ie., k*a® + 2afk(z + h) — 2x} + (z+ hy? —4y =0 
and this has envelope 
{k(z + h) — 2x}? = {((z +h)? — 4y}? 
which reduces to 
kx(z +h) =k*y + x? 

Next, we shall outline the procedure for determining an integral 
surface which circumscribes a given surface. Two surfaces are said to 
circumscribe each other if they touch along 
a curve, e.g., a conicoid and its enveloping 
cylinder. It should be noted that the curve 
of contact need not be a plane curve. We 
shall suppose that (3) is a complete integral 
of the partial differential equation (1) and 
that we wish to find, by using (3), an inte- 
gral surface of (1) which circumscribes the 
surface 2 whose equation is 


Wx, yz) = 0 (14) 
If we have a surface E 
u(x,y,z) = 0 — (45) 


of the required kind, then it will be one of 
three kinds (a), (5), (c) listed above. We 
Figure 18 shall consider the possibility (5), since it is 

the one which occurs most frequently. 
Suppose that the surface E touches the given surface 2 along a 
curve I (cf. Fig. 18). Since £ is the envelope of a one-parameter 
subsystem S of the two-parameter system (3), it is touched at each of its 
points, and, in particular, at each point P of l', by a member S, of 
the subsystem S. Now, since S, touches E at P, 1t also touches & at P. 
Hence equation (15) is the equation of the envelope of a set of surfaces 
(3) which touch the surface (14). We now proceed to find the surfaces 
(3) which touch & and see if they provide a solution of the problem. 
The surface (3) touches the surface (15) if, and only if, the equations 


(3), (14), and 
fo _ Iu _ de 


(16) 
Ye Vy Vs 
are consistent. The condition for this is the eliminant of x, y, and z 
from these four equations, 1.e., a relation of the form 


¢(a,b) = 0 (17) 
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between a and b. This equation factorizes into a set of relations 


b= 9a), b= $¢,(a),... (18) 


each of which defines a subsystem of (3) whose members touch (14). 
The points of contact lie on the surface whose equation is obtained by 
eliminating a and b from the equations (16) and (18). The curve I is 
the intersection of this surface with &. Each of the relations (18) 
defines a subsystem whose envelope £ touches % along I’. 


Example 14. Show that the only integral surface of the equation 
24g(z — px ~gy)=1+¢@ 


which is circumscribed about the paraboloid 2x = y* +- z* is the enveloping cylinder 


which touches it along its section by the plane y + 1 = 0. 
The equation is of Clairaut type with complete integral 
2 
ze ax | by + (19) 
Equation (14) has the form : 
2x — y* + 2% (20) 
so that equations (16) become, in this case . 
ab  -I 
2 --2y —2z 
which give the relations 
b | 1 
ee me 21 
yours, 2=s (21) 


Eliminating x between equations (19) and (21), we have 
aby” + 2b®y +- abz® -- 2bz + b* -+ 1 =0 
and eliminating y and z from this equation and the equations (21), we find that 
(b -- a)(b* + 1) =0 


so that the relation b — a defines a subsystem whose envelope is a surface of the 
required kind. The envelope of the subsystem 


{2(x -|- y) 4+: l}a® — 2az +1 =0 
is obviously 


z= Ax+y)+ 1 (22) 
The surface (20) touches the surface (22) where 
proving the stated result. 
PROBLEMS 


1. Find a complete integral of the equation p*x + gy = z, and hence derive “ 
equation of an integral surface of which the line y= 1, x +z=0O is 
generator. 


2. Show that the integral surface of the equation 


z(1 — q*) = 2(px + gy) 
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which passes through the line x = 1, y = hz + & has equation 
(y — kx} = 27{1 + hx — 1} 
3. Show that the differential equation 


2xz + gq? = x(xp + yg) 
has a complete integral 


z+a’x =axy + bx# 
and deduce that 
x(y + hx? = 4(z — kx’) 


is also a complete integral. 
4. Find the complete integral of the differential equation 
xp(l + 9) =(y + 2)g 


corresponding to that integral of Charpit’s equations which involves only 
gq and x, and deduce that 


(z + hx + k)® = 4hx(k — y) 
is also a complete integral. 
5. Find the integral surface of the differential equation 
(y + 2g) = 24 + pe +g) 
circumscribed about the surface x? — z? = 2y. 


6. Show that the integral surface of the equation 2y(1 + p®) = pq which is 
circumscribed about the cone x” + z* = y* has equation 


z* = y*(4y? + 4x 4+ 1) 


13. Jacobi’s Method 


Another method, due to Jacobi, of solving the partial differential 
equation 


F(x,y,2,p.q) = 0 (1) 
depends on the fact that if 
u(x,y,z) = 0 (2) 
is a relation between x, y, and z, then 
one io eee 
PT Us Us ©) 


where u; denotes du/dx; (i = 1, 2, 3). If we substitute from equations 
(3) into equation (1), we obtain a partial differential equation of the type 


Sf (X,Y,Z,Uy,Uo,Usg) 0 (4) 


in which the new dependent variable u does not appear. 
The fundamental idea of Jacobi’s method is the introduction of two 
further partial differential equations of the first order 


2(X,Y,Z,U,Ug,U3,@) — Q, A(X, Y,Z,UssUg,U3,0) — 0 (5) 
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involving two arbitrary constants a and b and such that: 
(a) Equations (4) and (5) can be solved for 1, ue, U3; 
(6) The equation 
du = u,dx + up dy +-ug du (6) 


obtained from these values of u,, ue, us 1s integrable. 

When these functions have been found, the solution of equation (6) 
containing three arbitrary constants will be a complete integral of (4). 
The three constants are necessary if the given equation is (4); when, 
however, the equation is given in the form (1), we need only two arbitrary 
constants in the final solution. By taking different choices of our third 
arbitrary constant we get different complete integrals of the given 
equation. 

As in Charpit’s method, the main difficulty is in the determination of 
the auxiliary equations (5). We have, in effect, to find two equations 
which are compatible with (4). Now in Example 4 of Sec. 9 we showed 
that g and / would therefore have to be solutions of the linear partial 
differential equation 


BB BE Ee 
Iu, Ax Jy. ay age az Sedu I 5y, ~F: Ou, == Q (7) 
which has subsidiary equations 
du, du, 
ch Oc Ns, OR g 
Suu, tu, tau, fe —hy Si ®) 
The procedure is then the same as in Charpit’s method. 


To illustrate the method we shall solve Example 7 of Sec. 10 in this 
way. Writing p = —w/us, g == —u,/u3, we see that the equation 


einem iene 


px + Gy = 2 
becomes 
xu, + yug — zus = 0 
so that the auxiliary equations are 


dx — dy dz du, du, dus 


—— 


2U,X 2Uey —2UyZ —ut 7 —Uus Us 
with solutions 


— (2) ise 2) , (- + 6 : 
a + , 2 (= ? 3 - 
u = 2(ax)* + 2(by)t + 2{(a 4+ d)z}# +e 


Writing b = 1, c = b, we see that the solution u = 0 is equivalent to the 
solution derived in Sec. 10. 


whence 


so that 
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The advantage of the Jacobi method is that it can readily be genera- 
lized. If we have to solve an equation of the type 


Fil%1.% 25. + + Xing. « « Un) = 0 (9) 

where u;, denotes du/ox;(i=1,2,...,n), then we find n—1 
auxiliary functions fy, fs, . . . , f, from the subsidiary equations 
dx, ye in hs 
te 7 Ji, 7 a c.. 7 oe i 7 ei 7 7 im 

involving n — | arbitrary constants. Solving these for u,, ua, . . . Un, 


we determine wu by integrating the Pfaffian equation 
n 
du = > u,; dx; 
t=] 


the solution so obtained containing 7 arbitrary constants. On the other 
hand, Charpit’s method cannot be generalized directly. 


PROBLEMS 


1. Solve the problems of Sec. 10 by Jacobi’s method. 
2. Show that a complete integral of the equation 


Ou Ou OU 
(HHH) =0 


u=ax + by + Oa,b)z + ¢ 


where a, 5, and c are arbitrary constants and f(@,5,0) = 0. 
Find a complete integral of the equation 


1S 


Ou Ou | Ou au Ou ou 


oaawwmED EE ame —Eee le EE 
aon 


@x ay ' az ax ay az 
3. Show how to solve, by Jacobi’s method, a partial differential equation of 


the type | 
Ou ou Ou Ou 
f(a) = (2) 


and illustrate the method by finding a complete integral of the equation 


Ou\? ay Ou du \? 
Beet acy gee he 
2x (5) 5 x ay + 29) 


4. Prove that an equation of the “Clairaut”’ form 
ont cu Out Ou Ou Ou 
ax yy “az! Vax az 
is always soluble by Jacobi’s method. 
Hence solve the equation 


au ey Be) 7. om + Ou _ 
Ox oy az * ox Yay “az 
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l4. Applications of First-order Equations 


The most important first-order partial differential equation occurring 
in mathematical physics is the Hamilton-Jacobi equation 


0S aS as aS 

a t Hq a se 0 9 ny 0g, 0g, a 5) = 0 (1) 
appropriate to the Hamiltonian A(q1,42,. - ~ .9n3 PwPa» + + Pn) of 
a dynamical system of n generalized coordinates g,,q., ...»G, and 
the conjugate momenta p,, Po, . . . , Pn. This is an equation in which 


the dependent variable S is absent, so it is of the type (9) of Sec. 13. 
From the considerations of that section we see that the equations of the 
characteristics are 


| a. 
1 Of Op, i «OH Op, 
en. 2; nn, ee (2) 
~-(0H/ 041) 0H} 2q,,) 
1.e., they are equivalent to the Hamiltonian equations of motion 
dq; 0H dp, oH a 
dt Op,’ dt aq, [== a 7 (3) 
A modified form of equation (1) is obtained by writing 
S- —Wt -|- S, 
We then find that 
OS, OS;\ 
A( 4, : * ey Gn» Og - 2 8 9 5a | — W (4) 


Suppose, for example, that a system with two degrees of freedom has 


Hamiltonian 
= Fp,’ lg Op, . i 4) 


2(X + Y) X 4 Y (>) 


where P, X, & are functions of x alone and Q, Y, 7 are functions of y 
alone. Then equation (4) becomes 


B(Pp, + Opy) + (E+) -WX+ Y)=0 
Then one of the characteristic equations is 


ax 4+ a. 7: 
Pp, ¢Pp,+& — WX’ 


= 0) 


with solution 
Pe = {AWX — — + a)} 
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where ais an arbitrary constant. Similarly we could have shown that 
= {WY —7 + b)} 


‘where bis an arbitrary constant. Thus since p, is a function of x alone 
and g, isa function of y alone, we have 


s= ~We + | WX — E+ ajax + | QWY— 4+ By ay 


showing that a solution of the Hamilton-Jacobi equation can always be 
found for a Hamiltonian of the form (5). 

First-order partial differential equations arise frequently in the theory 
of stochastic processes. One such equation is the Fokker-Planck 
equation’ 

oP @P 


which reduces in the case D = 0 to the first-order linear equation 


= = px = = + bP (7) 


The physical seein of the variables in this equation is that P is 
the probability that a random variable has the value x at time ¢. For 
example, P might be the probability distribution of the position of a 
harmonically bound particle in Brownian movement or the probability 
distribution of the deflection x of an electrical noise trace at time ¢. 
It should be observed that this equation (6) is valid only if the random 
process has Gaussian distribution and is a Markoff process. 

Probably the most important occurrence of first-order equations is 
in the theory of birth and death processes? connected with bacteria. 
Suppose, for example, that at time ¢ there are exactly 7 live bacteria 
and that: 

(a) The probability of a bacterium dying in time (¢, t + df) is uw, ot; 

(6) The probability of a bacterium reproducing in time (¢, ¢f + df) is 
h,, ot; 

(c) The probability of the number of bacteria remaining constant in 
time (t,¢ + df) is (1 —A,, dt — pu, 42); 

(d) The probability of more than one birth or death occurring in 
time (tf, ¢ + df) Is zero. 

If we assume P,,(t) is the probability of there being bacteria at time f, 
then these assumptions lead to the equation 


P,(t =F 6t) a 4, -1P yD) ot + Bina P nist) ot + {1 _ An ot — Mn Ot}P,(t) 


1 For a derivation of this equation see 8S. Chandrasekhar, Rev. Modern Phys., 
15, 33 (1943). 


2W. Feller, “An Introduction to Probability Theory and Its Applications’’ 
(Wiley, New York, 1950), p. 371. 
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which is equivalent to 


OP. 
ry = A,—Pn—1(t) + Uns , nv itt) — (A, “iF Uy)P nt) (8) 


In the general case 4,, u,, would depend on n and ¢; if we assume that 
the probability of the birth or death of a bacterium is proportional to the 
number present, we write 


A, = nA, yn = np (9) 
where A and yw are constants, and equation (8) reduces to 
OP, 
Or = A(n a 1)P,-1(2) _ (A oP p)nP,{t) Te un zi 1) Paid) 


and if we introduce a generating function ®(z,t) defined by the relation 
O(z,t) = 2 P,(t)z” 
r=0 
we see that this last equation is equivalent to the first-order linear 
equation 


oD aD 
3 = & — DG -— Mz 


whose solution is readily shown an the method of Sec. 4) to be 
© = =f {5 


where the function fis arbitrary. If there are m bacteria present at 
t= 0, then ® = z” at t = 0, so that 


apiece 


1—z 


eA Lee 
— | (10) 


from which it follows that 
_(¥- =)" 
ro=(G 
Hence at time f 


oe (ul = =P) — a(t — ne") 
uw — Ae@—™ — Az(1 — e@—¥*) 


P(t) is the coefficient of z” in the power'series expansion of this function. 
If 4 < w, then © > 1 as t > o, so that the probability of ultimate 
extinction is unity. 

Similar equations arise in the discussion of trunking problems (see 
Prob. 4 below), in which 4, = A, uw, = nu, and in birth and death 
problems governed by different assumptions from those we have made 
here (cf. Prob. 3 below). 
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PROBLEMS 


It may be assumed that the rate of deposit or removal of sand on the bed of a 
stream is a( dv/ 0x), where a is a constant and v is the velocity of the water in the 
x direction. If 7, 4 denote the heights, above an arbitrary zero level, of the 
top of the sand in the bed and of the water surface, respectively, show that the 
variation of 7 is governed by the first-order equation 


where m is a constant. Assuming / to be constant, show that the general 
solution of this equation is 


mt 
— Rr be C° 
mes | h — 7 
where the function fis arbitrary. 
If 7 = 7) cos (27x/A) at t = 0, find the relation between 7 and x at time ¢. 


Show that the general solution of the modified Fokker-Planck equation (7) is 


P= : f (xePt) 


where the function fis arbitrary. 
Show further that a solution of the full equation (6) is given by 


= xe BO, | Be 
P a ( TY; e 


where Q(é,r) is a solution of the equation 


22 «BQ 
Or (Oe 


The individuals in a competitive community breed and die according to the 
laws: 
(a) Every individual has the same chance A o¢ of giving birth to a new 
individual in any infinitesimal time interval 6r; 
(b) Every individual has the chance {« + A(m — 1)}dr of dying in the 
interval dt, where n is the total number of individuals in the community. 
(4,2, and § are nonnegative constants, and the chances of birth and death 
are independent of each other). If P,,(t) denotes the probability that at time 
t there are 7 individuals in the community, show that the probability-generating 
function satisfies the equation 
oP oP a2 
ae (z — 1)\(Az — a) > Bz =| 
Show that if « = 0 and A and £ are positive, it is possible for the probability 
distribution of the number of individuals to have a stable form (independent 
of t) with zero chance of extinction. Find P,(¢) explicitly in this case, and show 
that the mean number of individuals is then 


ALB 
1 — exp (—A/B) 


The probability distribution of telephone conversations carried on over a 
certain number of lines may be thought of as governed by the laws: 
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(a) Ifa line is occupied, the probability of a conversation which started at 
time ¢ = 0 ending in the interval (¢, ¢ + df) is w dt, where » is a constant; 

(b) The probability of an incoming call in the interval (¢, t¢ + df) is A dt, 
where A is a constant; 

(c) If dt is small, the probability of two conversations stopping in time df 
is negligible. 
If P,,(t) is the probability that 7 lines are being used at time ¢ and ®(z,f) is the 
corresponding probability-generating function, show that 


oP a 
Or = (Zz — » {20 -» 3 


If m lines are occupied at ¢ = 0, show that at time ¢ 


P(z,t) = {J +(z—- Leu exp Ae — 1d —- a) 


MISCELLANEOUS PROBLEMS 


Show that any surface of revolution whose axis passes through the origin 
satisfies the equation 


u v w 
Us. Vo Ws 
Uy Vy Wy 


where u = xX + zp,v = y + 2g, W = xq — yp. 
Show that the integral surfaces of the differential equation 


OZ A 
(z -+ 3y) = + 3(z “ae + (x + 3y) = 0 


are of revolution about the line x = —3y = z, and find the integral surface 
through the curve 
xe —yp+zea®, x —-yt+z=2a 


If the expression 

(y? + z) dx + (x? 4+ z) dy 
is an exact differential in x and y, show that z = 2xy + f(x + y), where fis 
arbitrary. Find fif z = 2y + 1 when x = 0. 


The equation P dx? + Q dx dy + Rdy*® = 0, in which P, Q, Rare functions of 
x and y, represents the projection on z = 0 of a network of curves on a surface 
u(x,y,z) = 0. Show that the curves are orthogonal if 
P(e + U2) — Quy, + RlugZ + uz) = 0 
Find the partial differential equation of the first order of which a complete 
integral is 
(x — a)? + (y — b} = z* cot? y 

where a, 5 are constants. 

Prove that another complete integral can be found which represents all 
planes making an angle y with the plane z = 0. 


Find the family of surfaces which represents the solution of the partial differ- 
ential equation 


OZ Oz 
(x +2 +QY rs = 0 


and obtain the integral surface which contains the circle x? + y? = a®,z =a. 
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10. 


11. 


12. 


13. 


14. 


15. 
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Find the equation of the integral surface of the differential equation 
OZ dz 
airy + y(3x? + y) By z(2x* + y) 


which passes through the parabola x = 1, y¥ =z — y. 
Solve the equation 
(p— Q(x t+ y) =z 


and determine the equation of the surface which satisfies this equation and 
passes through the curve 


x+tyt+z=0, x=27 
Show that the integral surfaces of 
(xp + ya)(x? + y® — a®) = 2(x? + yp’ 


are generated by conics, and find the integral surface through the curve 
= 22, x° + y® = 4a’. 


Find the general solution of 


in the domain 0 < y <x. Find the solution which equals x when y = 4x. 
Find the general integral of the equation 


Oz OZ 
{my(x + y) — nz*} —* {ix(x + y) — nz*} x = (lx — my)z 


and deduce the equation of the integral surface which passes through the curve 
2x=z+23, w=z-28 
Prove that for the equation 
z-+ px +qy —1 — pgx*y® = 0 
the characteristic strips are given by 
l 

“Bate! YAP De 

p = ACB 4+ Ce", gq = B(A + De? 


where A, B, C, D, and E are arbitrary constants. Hence find the integral 
surface which passes through the line z = 0, x = y. 


x z=E—(AC + BD)e 


Find a complete integral of the equation 
4x + y)z = (p + Mx + y? + Ap — gx? — y*) — Ap’ — 9’) 
Show that the characteristic equations of the differential equation 
(gq? + 1)z2 = 2pxz + x? 
have an integral gz = ax, and find the corresponding complete integral of the 
differential equation, showing that it represents a set of conicoids of revolution. 


The normal to a given surface at a variable point P meets the coordinate planes 
XOYand YOZ in A and B, respectively. If AB is bisected by the plane ZO.X, 
show that the surface satisfies the differential equation 

x dy 


=>- EE Oe 


P 
Find a complete integral of this equation. 


16. 


17. 


18. 


19, 


20. 


a1. 


22. 


23. 
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The normal to a given surface at a variable point P meets the sphere 
x? + y* +z? =1 in the points A and B. If AB is bisected by the plane 
z = 0, show that the surface satisfies the differential equation 


z(p* +g") + px +qy =0 
Find a complete integral of this equation. 
Show that the characteristic equations of the differential equation 


z + xp — x*yq’ — x'pq = 0 


have an integral gx = a, and find the corresponding complete integral of the 
differential equation. 


Find a complete integral of the equation p®x + gy = z, and hence derive the 
equation of an integral surface of which the line y=1, x +z =0 is a 
generator. 


Find the complete integral of the differential equation 
px + pgy =2pz+x 


corresponding to the integral of the characteristic equations involving g and 
y alone, in the form 


22 = ay? + bx® — 7 


Deduce the integral surface through the line y = 1, x = z. 


Show that a necessary and sufficient condition that a surface should be 
developable is that it satisfies a differential equation of the form f(p,g) = 0. 
Deduce that a necessary and sufficient condition that a surface should be 


developable is that its second derivatives r(x,y), s(x,y), 1(x,y) satisfy the 
equation rt = s”. 


Show that the only integral surfaces of the differential equation 
2g(z — xp —2yg) +x =0 
which are developable are the cones 
(z + ax)? = 2y(x +- b) 
Find the integral surfaces through the curve z = 0, x° + 2y = 0. 


At any point P on a surface the normal meets the plane z = 0 in the point N. 
Show that the differential equation of the system of surfaces with the property 
that OP* = ON?*, where O is the origin, is 


z(p? +g’) + 2px + qy) =z 


Obtain a complete integral of this equation, and hence find the two surfaces 
with the above property which pass through the circle x* + z* = 1, y = 0. 


If any integral surface of a partial differential equation of the first order 
remains an integral surface when it is given an arbitrary screw motion about 
the z axis, prove that the equation must be of the form 


F(xp + yq,xq — yp, x* + y*) =0 
If a differential equation of this type admits the quadric 
ax® + by® + cz* = 1 


as an integral surface, show that the characteristic curves which lie on this 
quadric are its intersections with the family of paraboloids z = kxy. 


Chapter 3 


PARTIAL DIFFERENTIAL EQUATIONS OF 
THE SECOND ORDER 


In the last chapter we considered the solution of partial differential 
equations of the first order. We shall now proceed to the discussion 
of equations of the second order. In this chapter we shall confine 
ourselves to a preliminary discussion of these equations, and then in 
the following three chapters we shall consider in more detail the three 
main types of linear partial differential equation of the second order. 
Though we are concerned mainly with second-order equations, we shall 
also have something to say about partial differential equations of order 
higher than the second. 


|. The Origin of Second-order Equations 
Suppose that the function z 1s given by an expression of the type 
z= flu) + gv) +w (1) 


where f and g are arbitrary functions of u and v, respectively, and u, v, 
and w are prescribed functions of x and y. Then writing 


Oz OZ 022 0°z 


=2, q=2 SF, sae, t= @ 
Pe By’ 1 Oy’ Ox? ” Ox dy’ Oy? 


we find, on differentiating both sides of (1) with respect to x and y, 
respectively, that 
p=fi Wu, + gs + We 


q=f (uu, + g'(w)v, + Ww, 
and hence that 


Pony "(u)uz + 2g "(vy +f (U)ues + 8 ee + Woe 
s =f "(UugUy + § "(v)vgUy af (W)uzy + § (Oxy 3 Wey 
t= f Wud + ghd + fey + 8’ WP + Wy 


We now have five equations involving the four arbitrary quantities f', 
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f",2',2”. If we eliminate these four quantities from the five equations, 
we obtain the relation | 


pP—- We Ur V. 0 v 

g —W, Uy Vy 0 O 

PF — Wee U cea Varx Us Vs = 0 (3) 
S — Woy Uy Vey UU, Dey 

tb — Wy Uyy Dyy Usy Vy 


which involves only the derivatives p, g, r, s, t and known functions of 
x and y. It is therefore a partial differential equation of the second 
order. Furthermore if we expand the determinant on the left-hand side 
of equation (3) in terms of the elements of the first column, we obtain an 
equation of the form 


Rr + Ss+T7t+Pp+Qq=W (4) 


where R, S, 7, P, OQ, W are known functions of x and y. Therefore the 
relation (1) is a solution of the second-order linear partial differential 
equation (4). It should be noticed that the equation (4) is of a par- 
ticular type: the dependent variable z does not occur in it. 

As an example of the procedure of the last paragraph, suppose that 


z= f(x + ay) + g(x — ay) (S) 
where f and g are arbitrary functions and_a is a constant. If we 
differentiate (5) twice with respect to x, we obtain the relation 


y = f" -|. g" 
while if we differentiate it twice with regard to y, we obtain the relation 
i= af" + ag" 
so that functions z which can be expressed in the form (5) satisfy the 
partial differential equation 
= C7 (6) 


Similar methods apply in the case of higher-order equations. It is 
readily shown that any relation of the type 


z= > flv) @ 


where the functions f, are arbitrary and the functions v, are known, 
leads to a linear partial differential equation of the nth order. 

The partial differential equations we have so far considered in this 
section have been linear equations. Naturally it is not only linear 
equations in which we are interested. In fact, we have already en- 
countered a nonlinear equation of the second order; we saw in Example 
20 of Chap. 2 that if the surface z = f(x,y) is a developable surface, 
the function fmust be a solution of the second-crder nonlinear equation 


rt— s*?*=0 
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PROBLEMS 
- Verify that the partial differential equation 


0“2 az 8622 


| 


is satisfied by 
1 
Zz = — oly —x)+¢(y — x) 


where ¢ is an arbitrary function. 


2. If u = f(x + iy) + g(x — iy), where the functions f and g are arbitrary, 
show that 
fy fu 0 
ae BAT 
3. Show that if fand g are arbitrary functions of a single variable, then 
u = f(x — vt + iay) + g(x — vt — iay) 
is a solution of the equation 
An fu 1 xu 
ax 7 ay ce art 
provided that «? = 1 — v*/c?, 


4. If 
z= f(x? — y) + g(x? + y) 
where the functions f, g are arbitrary, prove that 
Az 1 az oe 


at x Ox 
5. A variable z is defined in terms of variables x, y as the result of eliminating ¢ 
from the equations 


z= tx + yf(t) + etd) 
0=xi yVfO+e() 
Prove that, whatever the functions fand g may be, the equation 


rt —s* =0 
is satisfied, 


2. Second-order Equations in Physics 


Partial differential equations of the second order arise frequently 
in mathematical physics. In fact, it is for this reason that the study of 
such equations is of great practical value. The next three chapters will 
be devoted to the study of the solution of types of second-order equation 
occurring most often in physics. For the moment we shall merely 
show how such equations arise. 

As a first example we consider the flow of eleciricity in a long insulated 
cable. We shall suppose that the flow is one-dimensional so that the 
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current 7 and the voltage E at any point in the cable can be completely 
specified by one spatial coordinate x and a time variable ¢. If we 
consider the fall of potential in a linear element of length 6x situated 
at the point x, we find that 

—0oE = iR 6x +L oxo (1') 
where R is the series resistance per unit length and Z is the inductance 
per unit length. If there is a capacitance to earth of C per unit length 
and a conductance G per unit length, then 

—6i = GE 6x + Cox (2) 
The relations (1) and (2) are equivalent to the pair of partial differential 
equations 


OF di 
Oi OF 
ax GE+C _— 0 (4) 
Differentiating equation (3) with regard to x, we obtain 
OE Ci 07; 


as (* Rt hee 


and similarly differentiating equation (4) with regard to ¢, we obtain 


dj Gyo) 0° F 
ax or az + Cae = 2 (6) 


Eliminating di/dx and 0?i/dx dt from equations (4), (5), and (6), we 
find that £ satisfies the second-order partial differential equation 


rp _ , Oh Op 
ag = LC zy + (RC + LG) 5 


Similarly if we differentiate (3) with regard to f¢, (4) with regard to x, 
and eliminate 0?E/ox et and dE/dx from the resulting equations and 
equation (3), we find that i is also a solution of equation (7). 

Equation (7), which is called the telegraphy equation by Poincare and 
others, reduces to a simple form in two special cases. If the leakage to 
ground is small, so that G and L may be taken to be zero, equation (7) 
reduces to the form 

6 1 dad 


axt Ke Ot ®) 
where k = (RC) is a constant. This equation is also sometimes 


called the telegraphy equation; we shall refer to it as the one-dimensional 
diffusion equation. 


— 0 (5) 


= 


4+ RG¢ (7) 
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On the other hand, if we are dealing with high-frequency phenomena 
on a cable, the terms involving the time derivatives predominate. If we 
look at equations (3) and (4), we see that this is equivalent to taking G 
and R to be zero in equation (7), in which case it reduces to 

Pd 1 Pd 
at 2 OF ) 


where c=(LC)~*. This equation is sometimes referred to, in this 


context, as the radio equation; we shall refer to it as the one-dimensional 
wave equation. 


A simple partial differential equation of the second order, different 
in character from either equation (8) or (9), arises in electrostatics. By 
Gauss’ law of electrostatics we know that the flux of the electric vector 
E out of a surface S bounding an arbitrary volume V is 47 times the 
charge contained in V. Thus if p is the density of electric charge, we 


have 
[ E+ ds = 40 | p ar 
Ss V 


Using Green’s theorem in the form 


[Eas = | div E dr 
S V 


and remembering that the volume V is arbitrary, we see that Gauss’ law 
is equivalent to the equation 


div E = 47 (10) 
Now it is readily shown that the electrostatic field is characterized by 


the fact that the vector E is derivable from a potential function ¢ by the 
equation 


E = —grad ¢ (11) 


Eliminating E between equations (10) and (11), we-find that ¢ satisfies 
the ecuation 


V2o +--+ 4rp = 0 (12) 


where we have written V? for the operator div (grad), which in rect- 
angular Cartesian coordinates takes the foria 
0° 0° 0” 
Fx2 a Oy Tf re (13) 


Equation (12) 1s known as Poisson’s equation. Inthe absence of charges, 
p is zero, and equation (12) reduces to the simple form 


Vd = 0 (14) 


This equation is known as Laplace’s equation or the harmonic equation. 
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If we are dealing with a problem in which the potential function ¢ does 
not vary with z, we then find that V is replaced by 
0? 0? 
Vi = rer) oe ap (15) 


and that Laplace’s equation becomes 


Vid = 0 (16) 

a form which we shall refer to as the two-dimensional harmonic equation. 
The Laplacian operator V? occurs frequently in mathematical physics, 
and in a great many problems it is advantageous to transform from 


Cartesian coordinates x, y, z to another orthogonal curvilinear system 
given by the equations 


Uy — Uy(X,y,Z), us = UX,Y,Z); Uz os Us(x,y,Z) (17) 


The transformation of the Laplacian operator in these circumstances is 


best effected by the aid of vector calculus, which shows that in the 
Ui, Us, Ug System. 


iret 2 (ls la “im = Q (Li ta 


~ Ayhohg Oug 


Ou,\ hy ou, Oun\ hye Quy Quy hs, Ous 
(18) 
where 
0x \? dy \* gz Ne 
2 vy a 
cin aa) ; (5) : (aa) ali a (9) 


PROBLEMS 


1, Show that Maxwell’s equations 
 divE=4m, divH = 
1 oH 


curl FE = — -—-> eink 1 ig 
c of Cc Cc Of 


governing the behavior of the electric and magnetic field strengths E and H 
possess solutions of the form 


1 0A 


H = curl A i, = — -~-—— — prad 
curl A, sh prad ¢ 
where the vector A and the scalar ¢ satisfy the inhomogeneous equations 
1 2A 4n 1 ad 
bis c? ar ;* °, " c* of? = 
respectively. 


2. A heavy chain of uniform line density is suspended vertically from one end. 
Taking the origin of coordinates at the position of equilibrium of the lower 


1H. Lass, “Vector and Tensor Analysis’ (McGraw-Hill, New York, 1950), 
pp. 51-54. 
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(free) end and the x axis along the equilibrium position of the chain, pointing 
vertically upward, show that in small oscillations about the equilibrium 
position the horizontal deflection y of the chain satisfies the equation 


a oat 
a © ax - * Ox 
where g is the acceleration due to gravity. 


By changing the independent variables to ¢ and £, where &? = 4x/¢, show 
that this equation is equivalent to 


3. Plane sound waves are being propagated in a gas of normal average density 
py contained in a pipe whose cross-sectional area A varies along its length. If 
p, p denote the pressure and density at any point in the plane whose sictap basen 
is x and if during the motion the plane normally at x is displaced to x -+ ¢, show 
that if the disturbance is small, 

Qs Op 


Pose ~ By’ »~ po ~ 4 


Hence show that € satisfies the equation 


ve afl a 
OF 7 ai _* 7) 
where c* = dp/dp. 


If A = Aye**, show that the equation possesses a solution of the form 
& = e~ikt~, where 


¢ 
- (49) 


a Wet = 1 ae 
ax? 


- or 
and that if A = Ayx®”', it has a solution € = x! ™Z, where 
0 


27 1 is ni “f 


I 
slr ass 


axe x dx x2 c? Or 
4. Show that in cylindrical coordinates p, z, ¢ defined by the relations 
x = pcos ¢, y = psin 4, Cay 
Laplace’s equation V*V = 0 takes the form 
enV 1 sa : eVy eV 
ae pop | Pop OO 
5. Show that in polar asntieaan ie 4 ¢ defined by the equations 
x =rsinOcos ¢, y = rsin@ sin 4, z=rcos0 


Laplace’s equation V?V = 0 takes the form 
J fo ,aV ] 7) OV I eV 
Po ge) Bee DW ioe 
r? (2 Or | r2sin0 a0 (sin a0 ' sin? 0 ad 


3. Higher-order Equations in Physics 


The differential equations in the physical problems we have so far 
considered, and indeed most of those considered in a first course, are all 
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second-order equations and are all linear. It is therefore significant 
to show that not all physical problems lead to partial differential 
equations which are either linear or of the second order. 

For example, if we consider thé state of stress in a two-dimensional 
solid,’ we find that it is specified by three stress components 0,, 0,, Tzy 
which satisfy the equilibrium conditions 


Oo, . Tay _ 
3 ae ay + pX = 0 (1) 
OT ny do, Z 
Ay i ey + pY=0 (2) 


where X and Y are the components of the body force per unit mass. 
Suppose, for simplicity, that there are no body forces, so that we may 
take X and Y to be zero; then it is obvious that the expressions 
2: 2 2: 
eee Tey = _ : imak (3) 
Oy” dx dy ax” 
satisfy the equilibrium equations for any arbitrary function ¢. 

So far we have not specified the nature of the material of which the 
body is composed. If the body is elastic, i.e., if the relation between 
the stresses and strains is a simple generalization of Hooke’s law, then 
it is known that the components of stress satisfy compatibility relations 
of the form (» denoting Poisson’s a 


Bae iyo Hg i td dae teh, tl, de 
oy? ne i ~* . Ox oy 


(4) 


Substituting from the equations (3) into equation (4), we see that ¢ 
must satisfy the fourth-order linear partial differential equation 


0t¢ 04g Op 
at Tara t 9 (5) 
which may be written symbolically as 
Vid = 0 (6) 


Because of its relation to Vid = 0, this is called the two-dimensional 
biharmonic equation. ‘The same equation arises in the discussion of the 
slow motion of a viscous fluid.* 

If, instead of assuming that the solid body was elastic, we had 
assumed that it was ideally plastic, so that the stresses satisfy a Hencky- 
Mises condition of the form 


($0, — 20y)” + Try = (7) 


1 A. E. H. Love, “A Treatise on the Mathematical Theory of Elasticity,” 4th ed. 
(Cambridge, London, 1934), p. 138. 


2H. Lamb, “Hydrodynamics,” 6th ed. (Cambridge, London, 1932), p. 602. 
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instead of equation (4), we find that ¢ satisfies the second order non- 
linear partial differential equation 


= a) (a5 


2 
ax? Oy? —_ 8) 


PROBLEMS 
1. Show that 


a 
Vitxy) = xViy + 4 = (Vip) 


and deduce that if y,, Yo, Ys, Y4, are arbitrary solutions of Viy = 0, the function 
Y = XY, + Vio + Y3g + Wy 
is a general solution of Vjy = 0. 


2. Tranform the equation VjV = 0 to plane polar coordinates r and 6, and show 
that if Visa plane biharmonic function which depends on r alone, then 


V =cr* logr + c,logr + ¢gr® + cg 


where ¢, ¢,, C3, Cy are constants. 


3. Prove: 
0 
(2) Vitr'y) = PeVip + 4y + 4r = 
oy l a 
2 ~~ 9 f 202 
(9) oe (, ) r ( vi) 


Deduce that if V?y = 0, then Vi(r?y) = 0. 


4. Verify that ¢ = (1 -+ &x)e->*—%Y is a solution of the biharmonic equation 
vi? = Oif £ is a constant. 

Hence derive expressions for components of stress oy, Oy, T», Which satisfy 

the equilibrium and compatibility relations and are such that all the com- 

ponents tend to zero as x > «© and o, = —pycos (fy), Tey = 0 when x = 0. 


5. Show that the equations of plastic equilibrium in the plane are equivalent to 
the equation 


q“ OTe: Onis 
: (k? — Thy)? = af | oo 


x oy Ox oy" 
and verify that c, + cyy is the only solution of this equation of the form f()). 
Taking 7,, = —ky/a, calculate o,, o,. 


4. Linear Partial Differential Equations with Constant Co- 
efficients 


We shall now consider the solution of a very special type of linear 
partial differential equation, that with constant coefficients. Such ap 
equation can be written in the form 


F(D,D')z = f (x,y) (1) 


PARTIAL DIFFERENTIAL EQUATIONS OF THE SECOND ORDER 97 


where F(D,D") denotes a differential operator of the type 
F(D,D') = 2 2, €rsD'D” (2) 
in which the quantities c,, are constants, and D = d/dx, D’ = d/dy. 
The most general solution, 1.e., one containing the correct number 
of arbitrary elements, of the corresponding homogeneous linear partial 
differential equation 
F(D,D')z = 0 (3) 


is called the complementary function of the equation (1), just as in the 
theory of ordinary differential equations. Similarly any solution of the 
equation (1) is called a particular integral of (1). 

As in the theory of linear ordinary differential equations, the basic 
theorem is: 

Theorem 1. /f u is the complementary function and z, a particular 
integral of a linear partial differential equation, then u !- z, is a general 
solution of the equation. 

The proof of this theorem is obvious. Since the equations (1) and (3) 
are of the same kind, the solution u -- z, will contain the correct number 
of arbitrary elements to qualify as a general solution of ([). Also 


F(D,D'ju=0, = F(D,D’)z, = f(x,y) 
so that F(D,D')\(u + 21) = f(y) 


showing that u — z, is in fact a solution of equation (1). This com- 
pletes the proof. 

Another result which is used extensively in the solution of differential 
equations 1s: 


Theorem 2. Jf uy, te, . . . 5 Un, are Solutions of the homogeneous 
linear partial differential equation F(D,D")z == 0, then 
; 7 
>, Cylly 
ace al 


where the c,’s are arbitrary constants, is also a solution. 
The proof of this is immediate, since 


FCD,D’\(c,u,) = c,FCD, Du, 
and F(D,D') Sv, = > F(D,D')v, 
y=] Prat 
for any set of functions v,. Therefore 


F(D,D’) > Cu, = 2E(D,D')\(c,u,;) 
y=] p=] 


! 


>, C,FCD,D")u, 
y= | 
= Q 
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We classify linear differential operators F(D,D’) into two main types, 
which we shall treat separately. We say that: 
(a) F(D,D’) is reducible if it can be written as the product of linear 
factors of the form D + aD’ + 5, with a, b constants; 
(b) F(D,D’) is irreducible if it cannot be so written. 
For example, the operator 
D* — D” 


which can be written in the form 
(D + D’)\(D — D’) 
is reducible, whereas the operator 
D* — D’ 


which cannot be decomposed into linear factors, is irreducible. 

(a) Reducible Equations, ‘The starting point of the theory of reducible 
equations is the result: 

Theorem 3. If the operator F(D,D’) is reducible, the order in which 
the linear factors occur is unimportant. 

The theorem will be proved if we can show that 


(4,D + B,D’ + ¥)asD + B,D" + ys) 
= (4,D + B,D’ + y%,D + B,D’ + y,) (4) 
for any reducible operator can be written in the form 


F(D,D’) = 1] @,D + BD’ +, (5) 


and the theorem follows at once. The proof of (4) is immediate, since 
both sides are equal to 


a,0,D° + (0.8, + &,B5)DD" + BBD? + (7% + ¥1%5)D 
3 (v8, air YB.) D’ - rls 
Theorem 4. Jf«,D + 8.D’ + y,is a factor of F\D,D’) and ¢$,{&) is an 
arbitrary function of the single variable &, then if «, #0, 


Vrr 
0,4 


(8, x — «,y) 


is a solution of the equation F(D,D’) z == 0. 
By direct differentiation we have 


: AY as 
Du, — mia + B, XP ( oa P (Bx ~ a, y) 


U, == exp ( 


, 
y a 


D'u, = — «, exp ( — re) $'(B,x — %,y) 
so that (a,D + B,D’ + y,ju, = 0 (6) 
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Now by Theorem 3 
F(D,D')u, = TT («,.D + B,D" + y)(4,D + B,D! + Yr), (7) 
$= 


the prime after the product denoting that the factor corresponding to 
Ss = ris omitted. Combining equations (6) and (7), we see that 


F(D,D')u, = 0 
which proves the theorem. 
By an exactly similar method we can prove: 
Theorem 5. Jf £,D’ + y, is a factor of F(D,D’) and ¢,(é) is an 
arbitrary function of the single variable &, then if B, :~ 0, 


ul, == EXP ( oa p(B) 
is a solution of the equation F(D,D"‘) - : 0. 

In the decomposition of F(D,D’) into linear factors we may get 
multiple factors of the type («,D -|- 2,D° -|- y,)”. The solution corre- 
sponding to a factor of this type can be obtained by a simple application 
of Theorems 4 and 5. Forexample, if =: 2, we wish to find solutions 
of the equation 


(a,D -4- B,D" -|- y,)°z -> 0 (8) 
If we let 
Z >: (a,D -|- B,D’ + y,)z 


then («,D + B,D’ -+ v,)Z == 0 


which according to Theorem 4 has solution 


VX 
Z=exp( 2) 6,08 -~ ay) 
if «,:40. To find the corresponding function z we have therefore to 
solve the first-order linear partial differential equation 


Oz Oz 
—+f.— yZ == ett d (Boxy — 
x. ax ale B,, ay — Vre € (Bx a.) (9) 


Using the method of Sec. 4 of Chap. 2, we see that the auxiliary 
equations are 

dx dy _ dz 

X, B, 7 7f “ie eT Vsti b(B,x ~ XV) 
with solution 


p po — hp Y = Cy 
Substituting this in the auxiliary equations, we get the 
dx dz 


a, — Vg a ee (C1) 
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which is a first-order linear equation with solution 
l 
2 Ugfare + ed erm 
Equation (9), and hence equation (8), therefore has solution 
z= {x$,(B.x — ay) + p,(B,x — ay) jer 


where the functions ¢,, y, are arbitrary. 

This result is readily generalized (by induction) to give: 

Theorem 6. /f (a,D + B,D’ + y,)” (a, 40) is a factor of FUD,D’) 
and if the functions $,,, . . . 5 Pn are arbitrary, then 


CXp (- be) > 16, (3X — a, V) 


r $=] 


is a Solution of F(D,D’) = 0. 

Similarly the generalization of Theorem 5 is: 

Theorem 7. Jf (8,D' + y,)” is a factor of F(D,D') and if the functions 
Pity - + + > Prmare arbitrary, then 

exp (— 22) > x 1h.(6.9) 
rr’ ge] 

is a solution of F(D,D')z= 0. 

We are now in a position to state the complementary function of the 
equation (1) when the operator F(D,D’) is reducible. As a result of 
Theorems 4 and 6, we see that if 


F(D,D") = II (4,D + P,D’ + y,)™ (10) 


and if none of the «,’s is zero, then the corresponding complementary 
function 1s 


My 


) DBs — any) (11) 


where the functions ¢,,(s=1,...,”,; r=1,...,7n) are arbi- 
trary. If some of the «’s are zero, the necessary modifications to the 
expression (11) can be made by means of Theorems 5 and 7. From 
equation (10) we see that the order of equation (3) is m, + my, + °°: - 
+ m,; since the solution (11) contains the same number of arbitrary 
functions, it has the correct number and is thus the complete comple- 
mentary function. 
To illustrate the procedure we consider a simple special case: 


M% 
x 
u= 2 exp (—% 
r=] X,. 


Example 1. Solve the equation 
dtz +z 9 atz 
dyt ax? ay? 
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In the notation of this section this equation can be written in the form 
(D + D’)*(D — D’)*z = 0 
so that by the rule (11) the solution of it ts 
Z = xd(x — y) + box — y) + xpy(x + y) + Yolx + y) 
where the functions ¢1, $0, y 1, Y2 are arbitrary. 
Having found the complementary function of equation (1), we need 
only find a particular integral to complete the solution. This is found 


by a method similar to that employed in the proof of Theorem 6. If 
we write 


= [[@,D + 6,D' + y,)z (12) 
| ear 


then equation (1) is equivalent to the first-order linear equation 


Oz Oz 
Oy os + B; By + yz f OY) 


a particular integral of which can casily be found by Lagrange’s method. 
Substituting this particular value of z, in (12), we obtain an inhomo- 
geneous equation of order n -~- 1. Repeating the process, we finally 
arrive at a first-order wieaiien for z. To illustrate the process we 
consider: 
xample 2. find the solution of the equation 
a%z Oz 
— -pap TX 
dx*® = ay* J 
This equation may be written in the form 
(D D')\(D-|- D’)z-+x --y 
so that the complementary function is 
bi(x by) bh da(x -- y) 
where ¢, and ¢, are arbitrary. To determine a particular integral we write 


Zz, ~ (D+ D’)z (13) 
Then the equation for z, is 
(D - D’)zy =x —-y 


which is a first-order linear equation with solution 
zy = g(x y+ fe t+ y) 


where fis arbitrary. Since we are seeking only a particular integral, we may take 
f =0. Substituting this value of z, into (13), we find that the equation for the 
particular integral is 
2 
oe = (x — y) 
which has solution 
= gx(x — y? + f(x — y) 
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in which fis arbitrary. Taking f = 0 we obtain the particular integral 
z= gx(x — y)? 
Hence the general solution of the equation may be written in the form 


z= gx(x — y)? + d(x + y) + bole — y) 


where the functions ¢, and ¢, are arbitrary. 


(5) Irreducible Equations. When the operator F(D,D") is irreducible, 
it is not always possible to find a solution with the full number of 
arbitrary functions, but it is possible to construct solutions which con- 
tain as many arbitrary constants as we wish. The method of deriving 
such solutions depends on a theorem which we shall now prove. This 
theorem is true for reducible as well as irreducible operators, but it is 
only in the irreducible case that we make use of it. 

Theorem 8. F(D,D')e+°¥ = F(a,bje™r" 

The proof of this theorem follows from the fact that FD, D‘) 1s made 
up of terms of the type 


c,..D)” D’* 
and D'(e%*+v) = a erery. D’*(e%* +") = bsertt+oy 
so that (C,., D* D'8\(e2*+¥) — ca bseretry 


The theorem follows by recombining the terms of the operator F(D,D’). 
A similar result which is used in determining particular integrals is: 
Theorem 9, F(D,D’) {e%**"6(x,y)} = e**"F(D + a, D’ + b)b(x,y). 
The proof is direct, making use of Leibnitz’s theorem for the rth 

derivative of a product to show that 


Dr(er*$) = > *CD'e"*\(D'"8) 


= e( 5 card") 4 


p=) 
= e**(D + a)"d 


To determine the complementary function of an equation of the type (1) 
we split the operator F(D,D") into factors. The reducible factors are 
treated by method (a). The irreducible factors are treated as follows. 
From Theorem 8 we see that e**+” is a solution of the equation 


F(D,D’)z = 0 (14) 
provided F(a,b) = 0, so that 
z= > c,exp (a,x + b,y) (15) 


in which a,, b,, c, are all constants, is also a solution provided that a,, 
5, are connected by the relation 


F(a,,b,) = 0 (16) 
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In this way we can construct a solution of the homogeneous equation 
(14) containing as many arbitrary constants as we need. The series (15) 
need not be finite, but if it is infinite, it is necessary that it should be 


uniformly convergent if it has to be, in fact, a solution of equation (14). 
The discussion of the convergence of such a series is difficult, involving 
as it does the coefficients c,, the pairs (a,,b,), and the values of the 
variables x and y. 
Example 3. Show that the equation 
a"z 1 az 
ax? ik ar 
possesses solutions of the form 
aid 
> Cy COS (nx ++ &,)e~*r”! 
nr=0 


This follows immediately from the fact that e+? is a solution only if 


and this relation is satisfied if we take a = +in, b = —kni’. 


To find the particular integral of the equation (1) we write it sym- 
bolically as 


I= ap OD (17) 


We can often expand the operator F~* by the binomial theorem and then 
interpret the operators D-1, D’~* as integrations. 
Example 4. Find a particular integral of the equation 
(D? — Dz = 2y — x? 


We put the equation in the form 


I 
2= pep  —*) 
Now we can write 
l _ ,_ 2 = | 
Pp * D) Do 
tl Dp DB 
— pe De® ps 
-_ I 2 2 I D*(2 2 
z= — ay — x) — 5: (2y — x*) 
: | 
= — y® + x®y + pea 2) 
= x*y 


When /'(x,y) is made of terms of the form exp (ax + by), we obtain 
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(as.a result of Theorem 8) a particular integral made up of terms of the 
form 


F : F(ab) exp (ax + by) 


except if it happens that F(a,b) = 0. 
Example 5. Find a particular integral of the equation 
(D* — D’)z = e**tv 


In this case F(D,D’) = D* — D’, a =2, and 6 = 1, so that F(a,b) = 3, and 
the particular integral is 
derttty 


In cases in which F(a,b) = 0 it is often possible to make use of Theorem 
9. If we have to solve 
F(D,D’)z = cet*t 


where c is a constant, we let 
Z = wertty 
then by Theorem 9 we have 
F(D +a, D'+ bw=c (18) 

and it is sometimes possible to obtain a particular integral of this 
equation. 

Example 6, Find a particular integral of the equation 

(D*? — D’)z = e@t# 
In this case F(D,D’) = D* — D’,a = 1,b= J, and F(a,b) = 0. However, 
F(D +a,D’ +6) =(D4+ 1% —(D’ 4+ 1) = D?42D —- D’ 
and so equation (18) becomes in this case 
(D2 + 2D — D’\w = 1 


which is readily seen to have particular integrals 4x and —y. Thus $xe*+” and 
—ye**t” are particular integrals of the original equation. 


When the function f(x,y) is of the form of a trigonometric function, 
it is possible to make use of the last two methods by expressing it as a 
combination of exponential functions with imaginary exponents, but 
it is often simpler to use the method of undetermined coefficients. 


Example 7. Find a particular integral of the equation 
(D* — D’)z = Acos (ix + my) 
where A, 1, m are constants, 
To find a particular integral we let 
Z = ¢, cos (x + my) + cy sin (x + my) 
and substitute in the left-hand side of the original equation. Equating the 
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coefficient of the sine to zero and that of the cosine to A, we obtain the equations 
mc, — I? ¢5 oe 
—]?¢e, + ICs = A 


for the determination of c, and cs. Solving these equations for c, and co, we obtain 
the particular integral 


a= — {m sin (ix + my) +1? cos (lx + my)} 


mn 


PROBLEMS 
1. Show that the equation 


ay dy 4 ay 
ry iid le 


Qu 
, 
tw 


possesses solutions of the form 


CO 
> ¢,e°*! cos (%,« -F &,) CoS (w,t + 5,) 
r= (0 


where C,, %,, €,, 0, are constants and w2 — afc? — k?, 
2. Solve the equations 

(a) rts —2t == erry 

(b) r—s+22q-z=x'/ 

(c) r+s-2t—p—2¢g =0 
3. Solve the equation 


a3z dz asz e37 
—- 2 ———— — ——_—- + 2? — = ety 
ax? Oy Ox Oy" dy® 


Ox 
4, Find the solution of the equation 
Viz =e cos y 
which tends to zero as x > co and has the value cos y when x = 0. 
5. Show that a linear partial differential equation of the type 


gr ts; 
> Cr sX! y = ff (x,y) 


0x7 a 
7,8 i 


may be reduced to one with constant coefficients by the substitutions 
E = log x, n = log y 


Hence solve the equation 


x*r — y*t + xp — yg = log x 


5, Equations with Variable Coefficients 
We shall now consider equations of the type 


Rr + Ss + Tt + f(x,y,z,p,q) = 0 (1) 
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which may be written in the form 


L(z) + f ™y,2,p,q) = 0 (2) 
where L is the differential operator defined by the equation 
; 0° 0? 0° 
= R aya + hy x Oy ~ Sy (3) 


in which R, S, T are continuous functions of x and y possessing con- 
tinuous partial derivatives of as high an order as necessary. By a 
suitable change of the independent variables we shall show that any 
equation of the type (2) can be reduced to one of three canonical forms. 
Suppose we change the independent variables from x, y to &, 7, where 


Eé= &x,y), = x,y) 
and we write z(x,y) as ¢(€,7); then it is readily shown that equation (1) 
takes a _ 


07 
A(E,,£,) 22 Of a 2G 56, NasNy) zEAR o& on 
“oh 
+ A(%zMy) ot > F(E,,0,0¢,5,) (4) 
where A(u,v) = Rw + Suv + Tr? (5) 
BUy,V1jU2,02) = Ruy, + $S(uyv, + Ughy) + Tr, (6) 


and the function F is readily derived from the given function f. 

The problem now is to determine ¢ and 7 so that equation (4) takes 
the simplest possible form. The procedure is simple when the dis- 
criminant S? — 4RT of the quadratic form (5) is everywhere either 
positive, negative, or zero, and we shall discuss these three cases 
separately. 

Case (a): S* —4RT>0. When this condition is satisfied, the 
roots A,, A, of the -quation 


Re? 4- Sx + T= 0 (7) 
are real and distinct, and the coefficients of 0°¢/0&* and 0¢/dn? in 
equation (4) will vanish if we choose & and 7 such that 

ek, Dat 

Ox * oy Ox * Oy 
From Sec. 4 of Chap. 2 we see that a suitable choice would be 

E=fixy), 1 = fol%y) (8) 
where fj = C1, fo = Cy are the solutions of the first-order ordinary 
differential equations 


dy _ dy = 
a. + h(y)=0, a + As(xy) = 0 ) 


respectively. 
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Now it is easily shown that, in general, 
A(Eas§y)A(NasMy) — BES aEy3Nary) = (ART — S*)(Saty — Sx) (10) 
so that when the A’s are zero 
BY = (S* — ART )(Eaty — yx)” 


and since S? — 4RT > 0, it follows that B? > 0 and therefore that we 
may divide both sides of the equation by it. Hence if we make the 
substitutions defined by the equations (8) and (9), we find that equation 
(1) is reduced to the form 


hat 
o€ on = P(E, 0,6255y) (1 1) 
Example 8. Reduce the equation 
dz a LEA 
ax" oy" 


to canonical form. 
In this case R = 1, S =0, T = —x?*, so that the roots of equation (7) are |:x 
and the equations (9) are 
dy 
— -|-x == 0 
dx 
so that we may take & = y 4- $x*, 7 -- y --4x*, It is then readily verified that 
the equation takes the canonical form 


a a | (= - ) 
af a = A(E — 9) \0E my 


Case (b): S* —4RT == 0. In such circumstances the roots of 
equation (7) are equal. We define the function é precisely as in case (a) 
and take 7 to be any function of x, y which is independent of &. We 
then have, as before, A(é,,é,) = 0, and hence, from equation (10), 
BE usa 3NaNy) == 0. On the other hand, A(y,,17,) 40; otherwise 7 
would be a function of € Putting A(¢,,é,) and B equal to zero and 
dividing by A(7,,7,), we see that the canonical form of equation (1) is, 
in this case, 


070 
On? = $(6,7,0,¢.,4,) (12) 
Example 9. Reduce the equation 
a*z 0*z d*z 
of "ey a 


to canonical form and hence solve it. 
In this example R = 1, S = 2, T = 1, so that it is case (5), with 


1+ 20+ «2? =0 


in place of equation (7). We thus have 4, = —1, so that we may take § = x — y, 


108 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 


n =x + y. We then find that the equation reduces to the canonical form 
9? 
a 

an 


which is readily shown to have solution 


C= nf, i(€) + fkE) 


where the functions f, and fg are arbitrary. Hence the original equation has 
solution 
z= (x + yifitx — y) + folx — y) 


Case (c): S* —4RT <0. This is formally the same as case (a) 
except that now the roots of equation (7) arecomplex. Ifwe go through 
the procedure outlined in case (a), we find that the equation (1) reduces 
to the form (11) but that the variables &, 7 are not real but are in fact 
complex conjugates. To get a real canonical form we make the further 


transformation 
a= E+), B= 4i(n — ) 
and it is readily shown that 


i a (= 3) 


eee peered -|- 


Ean 4\du2 | Of? 
so that the desired canonical form is 
020 070 7 
Oa2 at Op? os y(a,B,0,0555;) (13) 


To illustrate this procedure we consider: 


Example 10. Reduce the equation 


07 a2z 
ams =f x? ——_e QO 
ax? ay” 
to canonical form. 
In this instance 4, = ix, A, = —ix, so that we may take € = iy + $x, 
n = —iy + 4x*, and hence a = $x", 8 = y. Itis left as an exercise to the reader to 
show that the equation then transforms to the canonical form 
ar er 1 ae 
daz © Of% =—s- Anda 


We classify second-order equations of the type (1) by their canonical 
forms; we say that an equation of this type is: 


(a) Hyperbolic if S* — 4RT > 0, 
(b) Parabolic if S* — 4RT = 0, 
(c) Ellipticif S* —4RT <0. 
The one-dimensional wave equation 
i cl 
Ox® = dy” 
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is hyperbolic with canonical form 


Ct 

dE On 
The one-dimensional diffusion equation 
ae _ 
ax? By 


is parabolic, being already in canonical form, and the two-dimensional 
harmonic equation 


0*z O*z 


at By 


is elliptic and in canonical form. 


PROBLEMS 


1. Show how to find a solution containing two arbitrary functions of the equation 
s = f(x,y). | 
Hence solve the equation 
s-- 4xy | 1 


2. Show that, by a simple substitution, the equation 
Rr -|+ Pps: W 


can be reduced to a linear partial differential equation of the first order, and 
outline a procedure for determining the solution of the original equation. 
Illustrate the method by finding the solutions of the equations: 


(a) xr 4. 2p == 2y 
(b) S—q-: erty 


3. If the functions R, P, Z contain y but not x, show that the solution of the 
equation 


Rr | Pp -+ Zz == W 


can be obtained from that of a certain second-order ordinary differential 
equation with constant coefficients. 
Hence solve the equation 


yr + (? -b Dp + yz = & 
4. Reduce the equation 


0*z Q°z ez 

hie “PNA dat Qe oe, ies 2n—-l1 

(71 I) ax2 y ay" Hy dy 

to canonical form, and find its general solution. 
5. Reduce the equation 

d7z 0*z Az yy dz x az 
ee, eee ie as, SS, Gees ee 
Y He Vay OP xe OKT YH 


to canonical form, and hence solve it. 
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6. Characteristic Curves of Second-order Equations 


We shall now consider briefly the Cauchy problem for the second- 
order partial differential equation 


Rr + Ss + Tt + f(x,y,z,p,9g) = 0 (1) 


in which R, S, and Tare functions of x and yonly. In other words, we 
wish to consider the problem of determining the solution of equation (1) 
such that on a given space curve I‘ it takes on prescribed values of z 
and dz/dn, where n is distance measured along the normal to the curve. 
This latter set of boundary conditions is equivalent to assuming that the 
values of x, y, Zz, p, g are determined on the curve, but it should be noted 
that the values of the partial derivatives p and g cannot be assigned 


arbitrarily along the curve. For if we take the freedom equations of 
the curve I’ to be 


x = X (7), Mae Volt), i= Z9(7) (2) 

then we must have at all points of I’ the relation 
Zo = Poko + FoYo (3) 
(where Z, denotes dz)/dt, etc.), showing that p, and gy are not indepen- 
dent. The Cauchy problem is therefore that of finding the solution of 
equation (1) passing through the integral strip of the first order formed 


by the planar elements (Xo,Vo,Z0,P 0.90) Of the curve I’. 


At every point of the integral strip py = po(7), Go = Yo(7), SO that if 
we differentiate these equations with respect to 7, we obtain the relations 


Po = Xo + SYo; Jo = SXq + TY (4) 
If we solve the three equations (1) and (4) for 7, s, t, we find that 


gS en, 
A, A, As; A 
where 
S T f R S T 
A, =| Yo 0 —DPo|, ete. and N= 125 Yo () 
Xo Yo —o v Xo Yo 


If A 4 0, we can therefore easily calculate the expressions for the second- 
order derivatives ro, So, and f) ,along the curve I’. 

The third-order partial differential coefficients of z can similarly be 
calculated at every point of [I by differentiating equation (1) with 
respect to x and y, respectively, making use of the relations 


To = ZaxaX 9 iF ZyaryY 0 


etc., and solving as in the previous case. 
Proceeding in this way, we can calculate the partial derivatives of 
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every order at the points of the curve I’. The value of the function z 
at neighboring points can therefore be obtained by means of Taylor’s 
theorem for functions of two independent variables. The Cauchy 
problem therefore possesses a solution as long as the determinant A 
does not vanish. In the elliptic case 4RT — S* > 0, so that A 40 
always holds, and the derivatives, of all orders, of z are uniquely 
determined. It is reasonable to conjecture that the solution so obtained 
is analytic in the domain of analyticity of the coefficients of the differ- 
ential equation being discussed; constructing a proof of this conjecture 
was one of the famous problems propounded by Hilbert. The proof 
for the linear case was given first by Bernstein; that for the general 
case (1) was given later by Hopf and Lewy. 

We must now consider the case in which the determinant A vanishes. 
Expanding A, we see that this condition is equivalent to the relation 


Ryo — SXoVo + Txo = (5) 
If the projection of the curve I" onto the plane z :-: 0 is a curve y with 
equation. 
E(x,y) ~ + lo (6) 
then we find that, as a result of differentiating with regard to 7, 
Satq | Sao = 9 (7) 


Eliminating the ratio X»/) between equations (5) and (7), we find that 
the condition A = 0 is equivalent to the relation 


A(Sa,5,) °° O (8) 


where the function A is that defined by equation (5) of Sec. 5. A curve 
y in the xy plane satisfying the relation (8) is called a characteristic 
base curve of the partial differential equation (1), and the curve I of 
which it is the projection is called a characteristic curve of the same 
equation. The term characteristic is applied indiscriminately to both 
kinds of curves, since there is usually little danger of confusion arising 
as a result. 

From the arguments of Sec. 5 it follows at once that there are two 
families of characteristics if the given partial differential equation is 
hyperbolic, one family if 1t is parabolic, and none if it is elliptic. 

As we have defined it, a characteristic is a curve such that, given values 
of the dependent variable and its first-order partial derivatives at all 
points on it, Cauchy’s problem does not possess a unique solution. 
We shall now show that this property 1s equivalent to one which is of 
more interest in physical applications, namely, that if there is a second- 
order discontinuity at one point of the characteristic, it must persist at 
all points. 

To establish this property we consider a function ¢ of the independent 
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variables x and y which is continuous everywhere except at the points 
of the curve C whose equation is 


E(x,y) =e (9) 


where &(x,y) is any function (not necessarily the function ¢ defined 
above) with as many derivatives as necessary. If P, is any point on 
this curve and P, and P, are neighboring points on opposite sides of 
the curve (cf. Fig. 19), then we define the discontinuity of the function ¢ 
at the point Py by the equation 


llr, = ; a {¢(P1) — 9(Ps)} (10) 


If the element of length along the directed tangent to the curve C at 
the point Py is do, then the tangen- 
y Cc tial derivative of the function ¢ is 

defined to be 


dp  a¢ O 
o FB, 008 (05x) + * cos (0,y) 


and it 1s readily shown that this is 
equivalent to the expression 

i ap Pubv(Po) — by8(Po) (11) 
do {S( Po) + E(Po)}" 

The tangential derivative at P» is 

‘ therefore continuous if the expres- 

sion on the right-hand side of this 

Figure 19 equation JS Continuous at Po, and 


we say that dd/do is continuous on 
the curve C if this holds for all points Py on C. 


Now let us suppose that the function z(x,y) is a solution of the 
equation (1), where, for simplicity, we shall suppose that the function f 
is linear in p and g. We shall assume in addition that the function 
z(x,y) is continuous and has continuous derivatives of all orders re- 
quired except that its second derivatives are not all continuous at all 
points of the curve C defined by equation(9). In particular it is assumed 
that the first-order partial derivatives z, and z, have continuous tan- 
gential derivatives at all points of the curve C. It follows immediately 
from equation (11) that if the tangential derivative dz,,/do is continuous 
at the point Po, so also is the expression 


ZnneyP o) _ Suede o) 


Now another way of saying that a function is continuous is to say that 
its discontinuity is zero at the point in question. We may therefore 


write 
Zante t 0) _ [Zaylé xP o} = Q 
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By considering the other tangential derivative dz,/do, we may similarly 
prove the relation 
[Zey)E4(P o) — [Zyy)é oP o) = 0 


Zecl Zend Ld 
E(Po) ElPo)E (Po)  & (Po) (12) 


Letting each of the ratios in the equations (12) be equal to 4, we may 
write these equations in the form 


[Z sexe es AEP 0)» [Zanyl a AE AP o)§,(P o)s E. ” = AEP o) (13) 


If we now transform the independent variables in our problem from 
x and y to é and 7, where é is the function introduced through the curve 
C and 7 is such that, for any function »(&,y), dy/do = dy/dn. The 
quantity A occurring in equations (13) will then be a function of 7 alone; 
we shall now proceed to determine that function. 

Since 


and hence that 


9) 
aa = Zp .E sl 22S 2M “le Lynx =f fe “i oy] ax 


and since z, and z, are continuous (a result of the continuity of z, and 
Zy) and Zz, and z Z,, are tangential derivatives, we find that [z,,], which 
by definition is equal to 


ml _ aalPa) ~ Zu Py) } 


P, 


lim ieee — 2g PEC Ps) } 


Py Po Po 
so that [Zeal = [Zee]€2( Po) (14) 


A comparison of equation (14) with the equations (13) shows that the 
value of the quantity 2 occurring in these equations is [z,.]. We 
began by assuming that there was a discontinuity in at least one of the 
second derivatives; so 4 cannot be zero, and hence neither can [z,,] 
at the point Pp. 

If we transform the equation to the new variables & and 7, we get the 
equation (4) of Sec. 5, and applying the above argument to it, we see 
that 


reduces to 


[Zee]A (42564) = 0 
showing that 


A(Fu$4) = 0 (15) 
and thereby proving that the curve C is a characteristic of the equation. 
If we differentiate the transformed equation with regard to &, take 


equation (15) into account, and note that only the terris in z,. and 
Zz, can be discontinuous, we can use a similar argument to show that 


2B (Ens $y3NasQy Zeer] =F {Ar( Ens Ey) _ Fe }[Zee] = 0 
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Remembering that [z,.] is A and that 4 is a function of 7 alone, we see 
that this last equation is equivalent to the ordinary differential equation 


dh 
_* Ag(n) 


which has a solution of the form 
n 
An) = Ano) exp | | 2() at 
No 


So far we have considered only single characteristic curves; now let 
us consider briefly all the characteristic curves on an integral surface % 
of the differential equation (1). If the equation is hyperbolic at all 
points of the surface, there are two one-parameter families of character- 
istic curves on &. It follows that two integral surfaces can touch only 
along a characteristic, for if the line of contact were not a characteristic, 
it would define unique values of all partial derivatives along its length 
and would therefore yield one surface, not the postulated two. Along 
a characteristic curve, on the other hand, this contradiction does not 
occur. In the case of elliptic equations, for which there are no real 
characteristics, the corresponding result would be that two integral 
surfaces cannot touch along any line. 


PROBLEMS 


1. Show that the characteristics of the equation 
Rr + Ss + Tt = f(x,y,z,p,9) 
are invariant with respect to any transformations of the independent variables. 
2. Show that the characteristics of the second-order equation 


Q*7 O"7 
A =; , + 2B 


ox ay + rege ay a = F(x,y,Z, PP») 


are the same as the projections on the xy plane of the Cauchy characteristics 
of the first-order.equation 


Ap* -+- 2Bpg + Cq*? = 0 


3. Jn the one-dimensional unsteady flow of a compressible fluid the velocity u and 
the density p satisfy the equations 
Ou Ou I Op ep Ou 
—+u—-+-— =0 
i te ate CO P ax 
If the law connecting the pressure p with the von pis p = Kp*, show that 


Ou d 0 0 
= ta H 4 20 =e = Q, i dh Shen deen ee 
Ot 2. Ox Ox 
where c* = satus Prove that the characteristics are given by the differential 
equations dx = (u + c) dt and that on the characteristics u + 2c are constant. 


PARTIAL DIFFERENTIAL EQUATIONS OF THE SECOND ORDER 15 


If there is a family of straight characteristics x = mt satisfying the differ- 
ential equation dx/dt = u + c, prove that 


ya 4 _x_, 
34 3 


where # is a constant. Determine the equations of the other family of 
characteristics. 


4. In two-dimensional steady flow of compressible fluid the velocity (v,v) and the 
density p satisfy the equations 


Hu Cu dp 
E ce 2 °P _ 
pu = ake ax #) 
Ov Ov 0 
pu — + pp + a . 0 
ax oy dy 


0 0 
2x (up) + re (vp) = 0 


where c* = dp/dp. Show that the condition that the curve &(x,y) == constant 
should be a characteristic, i.e., such that ug, vg, pe are nor uniquely determined 
along it, is that 


(u&,, + vé,){(ug,, + vé,,)* _ (2 -|- E?)} cee 0 


Show that the second factor has real linear factors if, and only if, 
u> -|- v® => c*, Interpret these results physically. 


7, Characteristics of Equations in Three Variables 


The concept of the characteristic curves of a second-order linear 
differential equation which was developed in the last section for 
equations in two independent variables may readily be extended to the 
case where there are n independent variables. In this section we shall 
show how the analysis may be extended in the casen =- 3. The general 
result proceeds along similar lines, but the geometrical concepts are 
more easily visualized in the case we shall consider. 

We suppose that we have three independent variables x,, x2, x3 and 
one dependent variable u, and we write p;; for o°u/dx,; 0x,, p,; for 
du/dx, The problem we consider is that of finding a solution of the 
linear equation 


3 3 
L(u) = > AyPis + 2 Op; + cu=O0 (1) 
Oe aa | w=] 
for which uw and du/dn take on prescribed values on the surface S whose 
equation is 
f (%1,%2X3) = 0 (2) 


If we suppose that the freedom equations of S are 


xX, =X(t,7,) 1=1,2,3 (3) 
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then. we may write the boundary conditions in the form 
u=F (71,72), ou/ on = G(71,72) (4) 


the bar denoting that these are the values assumed by the relevant 
quantity on the surface S. 
From equation (2) we have the identity 


3 
af (ax ax, i. 
>. 3x, a, Te tS are] = 0 


so that equating to zero the coefficients of dr, and dr., we have 
3 
2, 9,P,; = 0 j=Hi,2 (5) 
t=] 


where 6, = Of /0x,, P;; = 0x,/07;. Solving these equations, we find 
that 


ae 
A, &,~ Ay " 


where A, denotes the Jacobian 0(%»,x;)/0(7,,7,) and the others are 
defined similarly. 


Taking the total derivative = a, we find in a similar way that 


di = : 3 pPu dr 


¢=1 j=1 
from which it follows that the first of the conditions (4) is equivalent to 


3 
OF , 
DPPu=z Jah? (7) 
The second condition gives 
3 
> PiO; = Gd, + 43 + 43)" (8) 
~=1 


Equations (7) and (8) are sufficient for the determination of p,, Do, Ds 
at all points of the surface S, it being easily verified that the determinant 
of their coefficients does not vanish. 

We can determine the second derivatives of u at points of S by 
applying the same procedure to p; (the value of p, on S) as we have just 
applied to @ We obtain the pair of equations 


OD, 
> Pipe = 2 st j= 1,2 (9) 


r=] 
for each value of i. This pair of _— is not sufficient for the 
solution Of Pi, Pio, Pig, SO that we add the equation 


3 
3 by Pir = A; (10) 
r=] 


where A, is a parameter in terms of which all the p,, are expressed 
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linearly and the.«’s are numerical constants chosen in such a way as to 
cnsure that the determinant 

P 11 ar 21 P 31 
P 12 r 22 P 32 


Oy Ko Ke 


—_ (11) 


is nonzero. 


Suppose now that the quantities p;, constitute a set of solutions of 
the equations (9); then 


3 
2 PrAdPir — Pix) = 0 j= Ls 2 


| Pa — Pix _ Piz Pis _ Ps — Pi 
so that 7 an -— 
which can be written in the form 
Pis = Pig + Ped; (12) 


where the p,; are constants. Now p,; = p;; and p, = p;, so that we 
must have 

pid; = p;A, (13) 
But p,/p; = A,/A; = 6,/6;, so that p; = wo, where mu is a constant, 
and from (6) A; = 6,/p. Therefore p,A,; = 46,6,, where A = p/p is a 
constant. 

Hence we find 
Psi = Pig + 46;5; 

the value of 4 a given PY 


A > 2 4159s 0; + 2 FsPig - > D:D: + cu=0 (14) 


t, ja 
as found by substituting in the differential on (1). This equation 
has a solution for 4 unless the characteristic function 


3 
DO = > 4,;0,0; (15) 
i,j 
vanishes, i.e., unless fis such that 
3 
Of Of _ 
2 Se oy (16) 


When ® +0, we can solve equation (14) for A, so that then all the 
second derivatives can be found and the procedure repeated for higher 
derivatives of won S. The complete solution can then be found by a 
Taylor expansion. 

The equation (16), i.e., ® = 0, defines the characteristic surfaces. WU 
} (%1,X2,X3) is a solution of (16), then the direction ratios (61,69,43) of 
the normal at any point of the surface satisfy 


2, 4;30;0; = 0 (17) 
ij 
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which is the equation of a cone. Therefore at any point in space the 
normals to all possible characteristic surfaces through the point lie on a 
cone. The planes perpendicular to these normals therefore also 
envelop a cone;* this cone is called the characteristic cone through 
the point. The characteristic cone at a point therefore touches all 
the characteristic surfaces at the point. 

Now according to equations (8) of Sec. 13 of Chap. 2, the Cauchy 
characteristics of the first-order equation (16) are defined by the 
equations 

AX; | dé, 
00/06,  § a@/dx, 


The integrals of these equations satisfying the correct initial conditions 
at a given point represent lines which are called the bicharacteristics of 
the equation (1). These lines in turn generate a surface, called a 
conoid, which reduces, in the case of constant a,,’s, to the characteristic 
cone. 

We may use the quadratic form (15) to classify second-order equations 
in three independent variables: 

(a) If ® is positive definite in the 6’s at the point P(x},x%,x3), the 
characteristic cones and conoids are imaginary, and we say that the 
equation is elliptic at P. 

(b) If ® is indefinite, the characteristic cones are real, and we say 
that the equation is hyperbolic at the point. 

(c) It the determinant 


i=1,2,3 


Ay Ao 34 
Ay2 Aes A309 
Qy3 Ao 33 


of the form ® vanishes, we say that the equation is parabolic. 

This classification is in line with the one put forward in Sec. 5 for 
equations in two variables and has the advantage that it 1s readily 
generalized to equations in 7 variables. 


PROBLEMS 
1. Classify the equations: 
(4) Ugg + Uyy = Uz 
(D) lag TH Uyy = Ugz 
(C) Ugg + Uyy + Uz = 0 
(2) Ugg + Qyy + Ugg = 2Ugy + Quy, 
(€) Ue + Uyy + Ugg + 2y, = 0 
1JIn solid geometry this second cone is called the reciprocal cone of the first. 


See, for example, R. J. T. Bell, ‘““An Elementary Treatise on Coordinate Geometry 
of Three Dimensions,”’ 2d ed. (Macmillan, London, 1931), p. 92. 
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2. Determine the characteristic surfaces of the -vave equation 
Urs + Uyy = Uzz 


Show that the bicharacteristics are straight lines, and verify that ~ 
generate the characteristic cone. 


8. The Solution of Linear Hyperbolic Equations 


Before describing Riemann’s method of solution of linear hyperbolic 
equations of the second order in two independent variables, we shall 
briefly sketch the existence theorems for two types of initial conditions 
on the equation 

072 


Ox dy 


- y) 
TUNE Fat), 


which, as we have seen, includes the most general linear hyperbolic 
equation. In the first kind of initial condition the integral surface is 
defined by two characteristics, one of each of the two families of 
characteristics on the surface; in the second kind (which corresponds 
to Cauchy’s problem) the integral surface is defined by one space 
curve which nowhere touches a characteristic curve, p and q being 
prescribed along this curve. 

For both kinds of initial condition it 1s assumed that the function 
I (%y,Z,p,q) 1s continuous at all points of a region R defined by « < x 
<p, y <y < 6 for all values of x, y, z, p, gq concerned and that it 
satisfies a Lipschitz condition 


| f (X,V,Z25P 92) — f (X,Y,2ZP9.)| < M({|z. —_ Z| 


| + | pa — Pil+ |G2 — al} 
in all bounded subrectangles r of R. 

Initial Conditions of the First Kind. If o(x) and r(y) are defined in the 
open intervals («,6), (y,é), respectively, and have continuous first 
derivatives, and if (¢,7) is a point inside R such that o(&) = 7(7), then the 
given differential equation has at least one integral z = p(x,y) in R 
which takes the value o(x) on y == 7 and the value z(y) on x = &. 

Initial Conditions of the Second Kind. \f we are given (x,y,z,p,q) 
along a strip Cj, i.e., we have x == x(A), etc., in terms of a single para- 
meter A, and if Cy is the projection of this curve on the xy plane, then 
the given equation has an integral which takes on the given values of 
Z, Pp, g along the curve Cy. This integral exists at every point of the 
region &, which is defined as the smallest rectangle completely enclosing 
the curve C5. 

For proofs of these results the reader is referred to D. Bernstein, 
“Existence Theorems in Partial Differential Equations,’ Annals of 
Mathematics Studies, no. 23 (Princeton, Princeton, N.J., 1950). 

We shall now pass on to the problem of solving the general linear 
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hyperbolic equation of the second order. The method, due to Riemann, 
which we shall outline, represents the solution in a manner depending 
explicitly on the prescribed boundary conditions. Although this 
involves the solution of another boundary value problem for the 
Green’s function (to be defined below), this often presents no great 


difficulty. 
We shall assume that the equation has already been reduced to 
canonical form 
L(z) = f(y) (1) 
where L denotes the linear operator 
0? 0 ) 
Ee” * SS (2) 


Now let w be another function with continuous derivatives of the first 
order. Then we may write 


Pi oie Lie 
fas “ax dy dy\ ax) dx \" dy 


aw) 0 
as yt? Ox * — 
, How) _ 
7 OV 
so that wLlLz—zMw = ay -{- a (3) 


where M is the operator defined by the relation 


— Ow (aw) d(bw) 
MW aay ax ay 4) 


ow OZ 
and iis V = bwz + wa (5) 


The operator M defined by equation (4) is called the adjoint operator 

to the operator L. If M = L, we say that the operator L is self-adjoint. 
Now if I’ is a closed curve enclosing an area %, then it follows from 

equation (3) and.a straightforward use of Green’s theorem! that 


| [vz — zMw) ax dy =| (a — Vdx) 
° = | {U cos (n,x) + Vcos(n,y)}ds (6) 


where » denotes the direction of the inward-drawn normal to the curve [. 


? Pp, Franklin, “Methods of Advanced Calculus” (McGraw-Hill, New York, 1944), 
p. 201. 
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Suppose now that the values of z and ¢z/dx or éz/dy are prescribed 
along a curve Cin the xy plane (cf. Fig. 20) and that we wish to find the 
solution of the equation (1) at the point P(é,y) agreeing with these 
boundary conditions. Through P we draw PA parallel to the x axis 
and cutting the curve C in the point A and PB parallel to the y axis and 
cutting Cin B. We then take the curve I to be the closed circuit PABP, 
and since dx = 0 on PB and dy = 0 on PA, we have immediately from 
cquation (6) 


[ [Orz — 2mm) ax dy = | (Udy — Vas) + | U dy — | V ax 
: AB BP PA 


Now, integrating by parts, we find 
that 


A = [zw]4 


af. z(bw — 5 Fe) a 


so that we obtain the formula 


ele = lewd + [ 2(bv — 5") 


aw O 
ce [ile 7 
* - aM dy J Figure 20 


—{_ (U dy — Vdx) + I (wLz — zMw) dx dy 


So far the function w has been arbitrary. Suppose now that we choose 
a function w(x,y;¢,7) which has the properties 


(i) Mw = 0 

7 Ow 

(11) = b(x,y)w when y = 7 

a Ow 

(iil) =" =a(x,y)w  whenx=& 

(iv) w= | when x = f, y= 


Such a function is called a Green’s function for the problem or sometimes 
a Riemann-Green function. Since also Lz = /, we find that 


[z]p = [zw], — | w2(a dy —bdx) + { (: - dy + we dx] 
| (yf) dedy @ 
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which enables us to find the value of z at the point P when 02z/¢éx is 
prescribed along the curve C. When 0z/dy is prescribed, we make use 
of the following calculation 


0 C 
[zW]z — [zw], = i. a ax + = dy | 


to show that we can write equation (7) in the form 


[Z]> = [zwle — [vz dy — b dx) —| {7 5 i a— dx +w dy| 


+ | [faxed & 


Finally, by adding equations (7) and (8), we obtain the symmetrical 
result 


lp = Hlewla + mle} — | welady —b dx) 


l Oz Oz | ow Ow 
3 ha” tae? ~ | -3 ole — Ho 


+[[Ofdeay ©) 


By means of whichever of the formulas (7), (8), and (9) is appropriate 
we can obtain the solution of the given equation at any point in terms 
of the prescribed values of z, p, and g along a given curve C. We 
shall find that this method of Riemann’s is of particular value in the 
discussion of the one-dimensional wave equation. A reader seeking a 
worked example is referred forward to that section (Sec. 3 of Chap. 5). 


PROBLEMS 
1. If L denotes the operator 
o* Q? 0 0 
ReatSap tla x3 gtPEtORtZ 
and M is the adjoint operator defined by 


Rw) , Sw) | Tw)  aPw)  AQw) |, 
ax? | ax dy ay" Ox oy i 


w= 


show that? 
| (wLz — zMw) dx dy = | {U cos (n,x) + V cos (n,y)} ds 
Tp! , 
zr 


1 This equation is known as the generalized form of Green’s theorem. 
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where I is a closed curve enclosing an area & and 
OZ a( Rw) 2 OCS w) 


U = Rw —Z ay Zz By + Pzw, 
az oz “Tw) 
ore. ay + Qzw 


If R, +38, = P,$S, + T, = Q, show that the operator L is self-adjoint. 


2. Determine the solution of the equation s = f(x,y) which satisfies the boundary 
conditions z and g prescribed on a curve C. 


3. Obtain the solution, valid when x, y > 0, xy > 1, of the differential equation 
a 
ax dy x+y 


such that z = 0, p = 2y/(x + y) on the hyperbola xy = 1. 


4. Prove that, for the equation 


the Green’s function is 
w(x, y536,7) = J of V(x 7” E)\(y ~ i)) 
where J,(z) denotes Bessel’s function of the first kind of order zero. 


§. Prove that for the equation 


@z 2 (%, ) -" 
Ox oy x+y Ox dy 7 
the Green’s function Is 


(x + y){2xy + (& — n(x — y) + 2én} 
(— + 7) 


Hence find the solution of the differential equation which satisfies the 
conditions z = 0, @z/@x = 3x? ony = x. 


w(x,y3§,n) = 


9. Separation of Variables 


A powerful method of finding solutions of second-order linear 
partial differential equations is applicable in certain circumstances. 
If, when we assume a solution of the form 


z= X(x) Y(y) (1) 
for the partial differential equation 
Rr+Ss+7t+Pp+Q0q+2Zz=F (2) 


it is possible to write the equation (2) in the form 


Lo 
yi (DX = + ab)Y (3) 
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where f(D), g(D’) are quadratic functions of D = d/dx and D’ = d/dy, 
respectively, we say that the equation (2) 1s separable in the variables 
x, y. The derivation of a solution of the equation is then immediate. 
For the left-hand side of (3) is a function of x alone, and the right-hand 
side is a function of y alone, and the two can be equal only if each is 
equal to a constant, A say. The problem of finding solutions of the 
form (1) of the partial differential equation (2) therefore reduces to 
solving the pair of second-order linear ordinary differential equations 


f(D)X= 1X, g(D)¥= AY (4) 


The method is best illustrated by means of a particular example. 
Consider the one-dimensional diffusion equation 


Oz 6 ldz 
xt ke ©) 
If we write 
z= X(X)T(t) 
we find that 
Lax dT 
X dx? kT at 
so that the pair of ordinary equations corresponding to (4) is 
d?xX dT 
ore X, a KAT 


so that if we are looking for a solution which tends to zero as t 0, 
we may take 


X=Acos(nx +e), T= Be~*t 
where we have written —n’* for A. Thus 
2(x,t) = c, cos (nx + e,)e7”™ 
where c,, is a constant, is a solution of the partial differential (5) for 


ali values of n. Hence expressions formed by summing over all values 
of x 


2(x,t) = > c, cos (nx + «e,)e7"™ (6) 
n= 0 


are, formally at least, solutions of equation (5). It should be noted 
that the solutions (6) have the property that z > 0 as t > oo and that 


Z(x,0) = 2 Cp, COs (nx + €,) (7) 
n=Q 
The principle can readily be extended to a larger number of variables. 
For example, if we wish to find solutions of the form 
z= X(x) Y)T@) (8) 
Cz ez tldz 
de + BP ke ”) 


of the equation 
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we note that for such a solution equation (9) can be written as 


Ld?X 1d*Y 1 aT 


ae wwe aS, ee 
ei 


Xde Yar kr ai 


so that we may take 


—__ dd — —. a 4 


provided that 


[2 + mm? = n? 


Hence we have solutions of equation (9) of the form 


z(x,y,f) = 2. >, Cim COS (Ix + 1) COS (my ns ie ee (10) 
0 


[=O m= 


PROBLEMS 


By separating the variables, show that the one-dimensional wave equation 
Az 1 &z 
ax® —c®_ ar? 


has solutions of the form A exp (4:inx 1. inct), where A and n are constants. 
Hence show that functions of the form 


rnct . rect) . vax 
z(x,t) = >, cos —— + B, sin —- ? sin — 
a a a 
: 
where the A,’s and B,’s are constants, satisfy the wave equation and the 
boundary conditions z(0,f) == 0, z(a,t) = 0 for all ¢. 


By separating the variables, show that the equation V{V = Ohas solutions of 
the form A exp (tnx -: iny), where A and n are constants. Deduce that 
functions of the form 


. %rny 
V(x,y) = A,e-tnela sin — xX 2S 0, @) < y <Q 
r 
where the A,’s are constants, are plane harmonic functions satisfying the 


conditions V(x,0) = 0, V(x,a) = 0, V(x,y) > Oas x -> o. 


Show that if the two-dimensional harmonic equation ViV = 0 is transformed 


to plane polar coordinates r and 0, defined by x = rcos6, y = rsin®@ it takes 
the form 


‘ See Rte ae -|-=—, = 0 


and deduce that it has solutions of the form (Ar” + Br-")e=®, where A, B, 
and n are constants, 


Determine V if it satisfies Vj V = Ointhe regiond <r <a,0 < 6 < 27 and 
satisfies the conditions: 


(1) V remains finite as r — 0: 


(ii) V = > c, cos (x0) onr =a. 
rT 
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4. Show that in cylindrical coordinates Ps 2, ¢ Laplace’s equation has solutions of 
the form R(p)e+™2+i"?, where R(p) is a solution of Bessel’s equation 
d*R 1dR n® 
oe ai, ee 2 _. — = 0 
de? yo. ‘ls (m ma) R 
If R > 0 as z > © and is finite when p = 0, show that, in the usual notation 


for Bessel functions’ the appropriate solutions are made up of terms of the 
form J,,(nip)e~ 2 = ind, 


5. Show that in spherical polar coordinates r, 0, ¢ Laplace’s equation possesses 
solutions of the form 


B 
{an ma ntl 


where A, B, 7, and n are constants and O(«) satisfies the ordinary differential 
equation 


}orcos O)e Limd 


2 


», 40 i d® 1" 6 =0 
“8 oa ae na +l) —47 2 _ 


a 
10. The Method of Integral Transforms 


The use of the theory of integral transforms in the solution of partial 
differential equations may be simply explained by an example which 
possesses a fair degree of generality. Suppose we have to determine a 
function u which depends on the independent variables x,, %2, . . . , x, 
and whose behavior is determined by the linear partial differential 
equation 


a(x) 5 + bo) <4 ofa) + Lu =f Om yD) 


in which Lisa — tenet operator in the variables x2, ... , x, 
and the range of variation of x, isa <x, < f. If we let 


B 
U(E,Xe, ee Xn) =| U(X1,Xo5 oe Xn) K(é,x1) aX, (2) 


then an integration by parts shows that 
B 07y Ou 
|. [ace se + Be) 55 + oCedu} K(x) dey 
B (3 0 
= 9(6,Xe, . ~~. Xn) + | u la (aK) — Bx, PA) + ck| dx, 


Ou 0 8 
where p(6,X9, . . « 5Xn) = lax K(é,x,) + u [oK =e. (ak)}|" 
If therefore we choose the function K(é,x,) so that 

Q? % 


? M. Golomb and M. E. Shanks, ‘‘Elements of Ordinary Differential Equations” 
(McGraw-Hill, New York, 1950), p. 298. 
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where 4 is a constant, then multiplying equation (1) by K(é,x,) and 
integrating with respect to x, from « to , we find that the function 
i(E,xXo, . . . ,X,), defined by equation (2), satisfies the equation 


(L = A)U(E,X 2, Ses he ay a F(E,X 2, ms =e Xn) (4) 


where F(E,X2, - - + 5X%n) =f(§X%a, - - » 5Xn) —2(F,%2, . . . ,X,), f being 
defined by an equation of type (2). 

We say that iis the integral transform of u corresponding to the kernel 
K(é,x,). The effect of employing the integral transform defined by the 
equations (2) and (3) is therefore to reduce the partial differential 
equation (1) in m independent variables x,, x, ...,X, to one in 
n — | independent variables x,, . . . , x, and a parameter €. By the 
successive use of integral transforms of this type the given partial 
differential equation may eventually be reduced to an ordinary differ- 
ential equation, or even to an algebraic equation, which can be solved 
easily. We are, of course, left with the problem of solving integral 
equations of the type 


B 
U(E,X 2, _ es Xn) =| U(X1,X2, oe X,)K(E,x1) aX, 


if we are to derive the expression for u(x;,X2, . . . ,X,) when that for 
“(é,X, . . . ,X,) has been determined. For certain kernels of frequent 


use in mathematical physics it is possible to find a solution of this 
equation in the form 


) 
U(X1,%X 2, © 4 Xn) =| U(E,X2, . i Xn ET E,X3) dé (5) 


A relation of this kind is known as an inversion theorem. ‘The inversion 
theorems for the integral transforms most commonly used in mathe- 
matical physics are tabulated in Table 1. ‘These theorems are not, of 
course, true for a// functions uw, for it is obvious that some u’s would 
make the relevant integrals divergent. Proofs of these theorems for 
the classes of functions most frequently encountered in mathematical 
physics have been formulated by Sneddon; those appropriate to 
wider classes of functions have been given by Titchmarsh.’ 

The procedure to be followed in applying the theory of integral 
transforms to the solution of partial differential equations therefore 
consists of four stages: 

(a) The calculation of the function f(é.x., ... ,x,) by simple 
integration; 

(6b) The construction of the equation (4) for the transform @; 

(c) The solution of this equation; 

(dq) The calculation of u from the expression for # by means of the 
appropriate inversion theorem. 


1]. N. Sneddon, ‘‘Fourier Transforms’? (McGraw-Hill, New York, 1951). 
* E. C. Titchmarsh, ‘““The Theory of Fourier Integrals” (Oxford, London, 1937). 
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Table |, Inversion Theorems for Integral Transforms 


| 
Name of | 
peice (x, 8) K(€é,x) | {y,0) H(,x) 
| 
Fourier (— 00,00) eta | (— 00,0) e-téx 
” V Qn V 20 
2 : 2 
Fourier cosine (0, 00) i cos (Ex) (0, co) i cos (€x) 
TT ris 
| - 2 
Fourier sine (0, 00) — sin (Ex) (0, 00) — sin (&x) 
cu 7 
Ce 
Laplace (0, 00) e~@ R(E) > c || (vy — iw, y + ico) = est y >C¢ 
TT 
Mellin (0, co) xe-1 (y —iao,y + io) ax! 
| | 
Hankel (0, 00) “a y > “4 (0, <0) éJ,(Ex) 


To illustrate this procedure we shall consider: 


Example 11. Derive the solution of the equation: 


OF nk de et 
Or? sr: Or az” 

for the regionr > 0, z > 0, satisfying the conditions: 

ai) VO asz—> oandasr—> 

(1) V = f(r) onz=O0,r>0 


If we introduce the Hankel transform 
co 
—~= | rV(r,z)J (&r) dr 
0 


then, integrating by parts and making use of (i), we find that 


o(aVvy av a 
{ | ; | rI (ér) dr = —E V 
0 


Ore r or 
because of the fact that J)(ér) is a solution of Bessel’s differential equation 
d? ld 


dr* sr ar 
Hence the equation satisfied by the Hankel transform V is 
i nr 


where, as a result of the boundary conditions, we know that V > 0 as z - oo and 
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that V = f() on z = 0, f(€) denoting the Hankel transform (of zero order) of 
(r). The appropriate solution of the equation for V is therefore 


V =f@e* 


From the inversion theorem for the Hankel transform (last row of Table 1) we 
know that 


V(r,z) = | EV(E,z)Jq(ér) dé 
0 
so that the required solution is 
oO 
V(r,z) = | Ef (é)e-*2J (Er) dé 
0 
If the form of f(r) is given explicitly, /(€) can be calculated so that V(r,z) can be 
obtained as the result of a single integration. 


The method of integral transforms can, of course, be applied to 
linear partial differential equations of order higher than the second, as 
is shown by the following example: 


Example 12. Determine the solution of the equation 


047 0*z 

at | ae ° 
(—0 <x < 0, yp 2 0) satisfying the conditions: 

(i) z and its partial derivatives tend to zero as x -> |_0; 
(ii) z -- f(x), dz/ay -- 0 on y == 0. 


In this case we may take 


| Ch) . 
Z(E,y) 2 Vin | z(x, yet dx 
Ty --o 


for which, as a result of an integration by parts taking account of (/), we have 


] a) e17 . : 
— ete® dye. EZ 


Von ee ax" 
so that the equation determining the T‘ourier transform Z is 
d*Z 
— |. EA 7 _: 0 
dy" 


with Z = F(€), dZ/dy = 0 when y = 0. Therefore 
Z = F(&) cos (&*y) 


By the inversion theorem for Fourier transforms (first row of Table 1) we have 


I % , 
ae ee | Z(E,y)e¥* dé 
so that finally 


0 @) 


I - 
Z(x,y) = Pr F(E) cos (E*y)e-8* dé 


@ 


where F(é) is the Fourier transform of f(x). 
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PROBLEMS 


1. The temperature 6 in the semi-infinite rod 0 < x < © is determined by the 
differential equation 
a6 676 


of Oxe 
and the conditions 


(i) 6 =0 when t = 0, x >0 
(ii) 6 = 6, = const. when x =O andf >0 


Making use of sine transform, show that 


2 Psi 
(x,t) = = 6, { = ~ (1 — e-¥!) dé 
or 0 


2. If in the last question the condition (ii) is replaced by (ii) 0@/ax = —u, a 
constant, when x = 0 and ¢ > 0, prove that 


(x,t) = = =9 Ne ——s ——— (1 — e-*8"t) dé 
0 


3. Show that the solution of the equation 


dz Oz 
ox dy" 
which tends to zero as y > © and which satisfies the conditions 
(i) z = f(x) when y= 0,x >0 
Gi) z = 0 when y > 0, x = 0 
may be written in the form 


1 y+100 _ 
i f(®ele—v¥ é df 


10 
Evaluate this integral when f(x) is a constant k. 
4. The function V(r,®) satisfies the differential equation 
ey 10eVvV 1 ey 


+e pe 


in the wedge-shaped region r > 0, |@| < « and the boundary conditions 
V = f(r) when @ = +a. Show that it can be expressed in the form 


1 [¥+t© cog (£6) 
V(r,0) = a i cos (é cos (Ea) 1 (er dé 


where f() = \ f@r*! dr 


5. The variation of the function z over the xy plane and for ¢ > 0 is determined 
by the equation 


/ 
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If, when t = 0, z = f(x,y) and @z/@t = 0, show that, at any subsequent time, 


l 0 oO _ 
ZY) = 57 | | F(E,n) cos (ct VE + 1%) e-*GP Fm dé dn 


Le 
where F(E,n) = | | f(x,yetGet™ dx dy 


--- 00 


I]. Nonlinear Equations of the Second Order 
It is only in special cases that a partial differential equation 
F(X,Y,Z,P.G,¥58,t) = 0 (1) 


of the second order can be integrated. The most important method of 
solution, due to Monge, is applicable to a wide class of such equations 
but by no means to them all. Monge’s method consists in establishing 
one or two first integrals of the form 


n = f(E) (2) 


where ¢ and 7 are known functions of x, y, z, p, and gq and the function f 
is arbitrary, i.e., in finding relations of the type (2) such that equation (1) 
can be derived from equation (2) and the relations 


UEr = ep a ie Yot abi gS = f’(E){E, + € 2p —- Eo - Es} (3) 
Ny oe UP | =a Nps 7 Nat = f'(t& ar Eg ae on) + Et} (4) 


obtained from it by partial differentiation. 

It should be noted at the outset that not every equation (1) has a first 
integral of the type (2). In fact by eliminating f’(¢) from equations (3) 
and (4), we see that any second-order partial differential equation which 
possesses a first integral of the type (2) must be expressible in the form 


Ry + Sys + Tyt + Uy(rt -- s*) = V, (5) 
where R,, S,, 7,, U,, and V, are functions of x, y, z, p, and g defined by 
the relations 

o(€,7) o(,7) En) , — &,n) 
R = — =9 fi SS 6a) 
apy tap) Fag Pa | 
0(€,) of.n) o(,) o(é,n) 
Ss, = i a - (65) 
 Agy) | 4 Ag2) px) * Hp,z) 
o(€,7) a(&,7) En) , O&,n) 
== a 9 _— 6c 
ap. Laan TP Ay2) TI =P 
The equation (5) therefore reduces to the form 
Ry + Sys 4- Tyt = V, (7) 
if and only if the Jacobian &,y, — ¢,y, vanishes identically. An 


U, 
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equation of the type (7) 1s nonlinear, since the coefficients R,, S,, 7, V; 
are functions of p and g as well as of x, y,andz. Ithasacertain formal 
resemblance to a linear equation, and for that reason is often referred 
to as a quasi-linear equation; it is also called a uniform nonlinear 
equation. An equation of the type (5) is, by contrast, known as a 
nonuniform equation. 

We shall assume that a first integral of the equation 


Rr + Ss + Tt + U(rt — 8?) =V (8) 


exists and that it is of the form (2). Our problem is, having postulated 
its existence, to establish a procedure for finding this first integral. 
For any function z of x and y we have the relations 


dp =rdx-+sdy, dq=sdx+tdy (9) 


so that eliminating r and ¢ from this pair of equations and equation (8), 
we see that any solution of (8) must satisfy the relation 


Rdpdy + Tdgdx + Udpdq —Vdxdy=s(Rdy* —Sdxdy + T dx’ 
+ Udpdx + Udgdy) (10) 
If we suppose that 
E(X,),Z,P.9) = Cy, (%,),Z,P.9) = Co 


are two integrals of the set of equations 


R dp dy + T dg dx + Udpdg —Vdxdy=0 (11) 
R dy* + Tdx* + Udpdx + Udg dy = S dx dy (12) 
dz = pdx +qdy (13) 


then the equations 
d& = QO, dyn = 0 (14) 


are equivalent to the set (11) to (13). Eliminating dz from equations 
(13) and (14), we get the pair 


_ fF, 1 fom) . én) 

7 7d ACE O(Z,) | , US) 
_ 1 fog) , én) R, 

1 U, late) 7 rand een acd fo) 


where R,, T,, U, are defined by the equations (6). Substituting for dp, 
dq trom. these equations, we see that 


Ry na a 1 feed 
U, U; | gy) 
a(n) (En) A(E,n) 
q.z)" Ap,x) — Ap,2) i ied 


dpdx + dqdy = — Fae — 
1 
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a relation which is equivalent to the equation 


R, dy® + T, dx? + U, dp dx + U, dq dy = S, dx dy (17) 
Similarly we can show that 
R, dp dy + T, dq dx + U, dp dq — V,dx dy = 0 (18) 


Comparing equations (17) and (18) with (11) and (12), we see that 


pia tatatas (19) 


so that the equation (8), which we have to solve, is equivalent to the 
equation (5), which we know has a first integral of the form (2). The 
first integral (2) is therefore derived by making one of the functions 7 
obtained from a solution 7 == c, of the equations (11) to (13) a function 
of a second solution &. The procedure of determining a first integral 
of the equation (8) thus reduces to that of solving this set of equations. 

In many cases it is possible to derive solutions of these equations by 
inspection, but when this cannot be done, the following procedure may 
be adopted. From equations (11) and (12) we obtain the single 
equation 
Rdy*® —(S + av) dx dy + T dx’? + Udp dx + Udg dy + 4R dp dy 

+ AT dq dx + AU dp dq = 0 

where 4 is (for the moment) an undetermined multiplier, and it 1s readily 
shown that this equation can be written in the form 


(U dy + aT dx + AU dp)AR dy + Udx + AU dq) =9 (20) 

provided that 4 is chosen to be a root of the quadratic equation 
MRT + UV) + AUS + U? = 0 (21) 
Apart from the special case when S? = 4(RT + UV), this equation 
will have two distinct roots 4,, A, and the problem of solving equations 
(11) and (12) will reduce to the solution of the pairs 
Udy+aTdx+i,Udp=0, A.Rdy+Udx+A1,Udg=0 (22) 
and 
Udy + 4,1 dx + 1,U dp = 0, ARdy + Udx+2,U0dg=90 (23) 
From each of these pairs we shall derive two integrals of the form 
E(X,),Z5P.4) = C1, (X,y,2,P,g) = c, and hence two first integrals 
m = fir), Ne = fol Fe) 

which can often be solved to determine p and q as functions of x, y, 
and z. When we substitute these values into the equation 


dz =pdx+qdy 
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it is found! that this equation is integrable. The integral of this 
equation, involving two arbitrary functions, will then be the solution 
of the original equation. 

When it is possible to find only one first integral 7 = f(¢), we obtain 
the final integral by the use of Charpit’s method (Sec. 10 of Chap. 2). 


Example 13. Solve the equation 
r+4s+t4+rt—s* =2 


For this equation we have, in the above notation, R= 1, S$ =4,7 =1, U =], 
V = 2, so that equation (21) becomes 


347 +424+1=0 
with roots A, = —4, 4, = —1. Hence equations (22) become 
3dy —dx —dp=0, dy—dx+dq=0 
leading to the first integral 
sy —x~p=f-—xt+9) (24) 
where the function fis arbitrary. Similarly equations (23) reduce to 
dy —dx —dp=0, dy —3dx+dq=0 
and yield the first integral 
y —3x+q =gly —x —p) (25) 


the function ¢ being arbitrary. 
It is not possible to solve equations (24) and (25) for p and g; so we combine the 
general integral (24) with any particular integral of (25), e.g., 


y-3x+gq=¢, (26) 
where ¢c, is a constant. Solving equations (24) and (26), we find that 
g=q+3x-y, p=3y —x —f(2x + ¢) 
from which it follows that 
dz = {3y —x —f(2x + e,)} dx + {e, + 3x — y} dy (27) 
and hence that 
z= 3xy — $07 + y®) + FQx +c) + ey + ee (28) 


where c, is an arbitrary constant. Equation (28) gives the complete integral. 
To obtain the general integral we replace c, by c, c, by G(c), where the function G 
is arbitrary, and the required integral is then obtained by eliminating c between the 
equations 


z= 3xy — $0 +y2)) + FQx +0) + cy + Ge) 
O0=F(2Qx+c)+y+ Go) 


It was mentioned above that in a great many cases it is possible to 
derive solutions of equations (11) and (12) directly, This is particularly 


* For a proof that this equation is always integrable see A. R. Forsyth, “A 
Treatise on Differential Equations’? (Macmillan, New York, 1885), pp. 365-368. 
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so in the case of uniform equationsin which U = 0. Forsuch equations 
the pair of equations (11) and (12) reduces to 

Rdp dy + T dq dx = V dx dy (i1’) 
and R dy? —Sdxdy + Tax? = 0 (12’) 
We shall illustrate the solution of these equations by the particular 
example: 


Example 14. Solve the equation q’r — 2pqs + p*t = 0. 
In this case the equations (11’) and (12’) become 


gq’ dp dy + p*dqdx =0 (i) 
(p cx + qdy)* =0 (ii) 


From equation (ii) and equation (13) we have dz = 0, which gives the integral 
zZ=c,. From equations (i) and (ii) we have gdp = pdg, which has solution 
P = Cog. We therefore have the first integral 


p =f 2) 


where the function fis arbitrary. We can regard this as a linear equation of the 
first order and solve it by Lagrange’s method. The auxiliary equations are 


ES —— 
ete 3£zxgyyezp “SEE eee 0 ogee SEE 


with integrals z = c,, y + xf (cy) = cy leading to the general solution 


y + xf(Z) = gz) 
where the functions fand g are arbitrary. 


PROBLEMS 


1. Solve the wave equation r = ¢ by Monge’s method. 
Show that if a function z satisfies the differential equation 
ax2 dy = ax dy ax 
it is of the form f {x -4 e(y)}, where the functions f and ¢ are arbitrary. 


3. Solve the equation 
z(qs — pt) = pq 
4. Solve the equation 
Pq = x{ps — qr) 
5. Solve the equation 
rg” — 2pqs + tp* = pt — qs 
6. Find an integral of the equation 
art —s*) +z + gr —2pqzs+zi+pyr+1l+pPt|g = 


involving three arbitrary constants. 
Verify the result and indicate the method of proceeding to the general 
solution. 
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4. 


§, 


6. 


7. 
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MISCELLANEOUS PROBLEMS 


The equation z® +- 3xyz + a® = 0 defines z implicitly as a function of x and y. 
Prove that 


The variables x, y, and z are related through the equations 


x=fw-v y=eo) tu; z=w + uf") + ve’) — fH — gt) 
Show that, whatever the form of the functions fand g, 

d*z d*z 0*7 . G27 7 

ax? ay? Ox dy ax ay 


In plane polar coordinates the equations of equilibrium of an elastic solid 
become 


hed AO cd. I id i  ) e . See 
or or OO r Cr ors 8 r 
Show that these equations possess a solution 
1 ay = dy d*y @ {1 ow 
Oy, = Sap 1 Tat? p= a5 Pip. eo ee ee 
r= 00 r or or or \r 06 


It can be shown that the compatibility conditions lead to Viv = 0; verify 
that y = (Ax + By)@ is a solution of this equation, and calculate the 
corresponding components of stress. 


In plane polar coordinates the Hencky-Mises condition 1s 
(<,. = 9)" - Az, = 4k? 
Show that the shearing stress 7,9 satisfies the equation 


Or +6 ; 3 OF 46 1 Ory 


2 ' 2 2 \3 
are a r Or. p2 gg2 = ye ar 06 {r(k* — 759)*} 


Determine the solution of this equation of the form f(r) and satisfying the 
boundary conditions t,g = —k onr = 4, tre = k onr = 8b, 


Find the general solution of the equation 
xys —xp—yqrz=0 


and determine the solution of this equation which satisfies the conditions 
= x” and p = 0 when y = x. 


Solve the equation. 
(x — y)(x*r — 2xys + y*t) = 2xy(p — q) 
Find the general solution of the equation 
r+ 4t = &xy 
Find also the particular solution for which z = y* and p = 0 when x = 0. 
Show that the linear equation 


s+apt+bg+ez+d=0 


10. 


11. 
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may be reduced to a first-order equation if 
d 
—+ab—c =0 
Ox 


Use this method to find the solution of the equation 
s+ pe* —q =0 


Appell’s first hypergeometric function of two variables is defined by the 
double power series 


ia ith > > min PnP mye 


m'\n mY) men 


where (a). =a(a + 1)-- + (a +r-—J1). Show that this function is a solu- 
tion of the second-order linear partial differential equations 


x(1 — xr + yl — xs + fy — (@ + B + I)xhp — Byg — ofz =0 
yd — yt + xl — y)s + fy —(@ + B’ + Dytg — Bxp — «f’z =0 


Show also that Appell’s second hypergeometric function 


F of & ‘B B SYP 5X) = > 3 ee xmyn 


7 == == 


is a solution of the second-order equations 
x(1 — xr — xys + fy — (a + B + I)x}p — Byg — afz = 0 
yl — yt — xys + fy’ - (@ + B’ + Dytg — B’xp — of’z =0 


Express the equation 
div (« prad V) = 


where « and V are scalar point functions, in cylindrical coordinates p, ¢, z. If 
x = w/p, where u is a constant, use the method of separation of variables to 
obtain a solution of the above equation independent of z and periodic in ¢. 


Show that the equation 


has solutions of the form y = S(@,¢)R(r,1), where r, 8, ¢ are spherical polar 
coordinates and 


1 of. .as 1 es 
am (sin 0 + SO oe ee +- nin + 1)S = 0 


4 d/( , OR Mat), _ é*R 
Or r2 i 


n being a constant integer. Verify that the last equation is satisfied by the 


function 
Rr.) = 7 ; 2)" [fea + ae + 9} 
Kr Or 


y 


where the functions f and g are arbitrary. 
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13. 


14. 


15. 


16. 
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Schrodinger’s equation for the motion of an electron in a central field of 
potential V(r) is, in atomic units, 
Vy + 2W — Vin}y = 0 

where W is a constant. By transforming this equation to polar coordinates 
r, 6, ¢, show that it possesses solutions of the form 

1 

v = — RY)SE9) 


where S(0,¢) is defined in the same way as in the last problem and R Is a 
solution of the ordinary differential equation 


d*R 
are 


Coordinates € and 7 are defined in terms of x and y by the equations 


+ 2{W — Vir) — $n + 1)3R = 0 


x = acosh é cos 9, y = asinh é sin 7 


and z is unaltered. Show that, in these coordinates, Laplace’s equation 

V?V = 0 takes the form 
eV e8yV 
ET Oe 

and deduce that it has solutions of the form f (i&)f ae where y is a constant, 


92 
+ a*(cosh? €— cos* 7 ai = 0 


f() is a solution of the ordinary differential equation 


at + (G + 16g cos 2x)f = 0 


G is a constant of separation, and 32¢ = —a’y’. 
Show that if 
x= Vincos¢, y= Vémsing, z=kE—7) 


Laplace’s equation assumes the form 


a aV a Etn eV 
z('%) "Oy ( 4 Ey OFF 


Deduce that it has solutions of the form F,(4)F_,(y)e+*™?, where F,(x) is a 
solution of the ordinary differential equation 


d*F dF m? 


If f (€) and ¢(§) are the Fourier transforms of f(x) and g(x), respectively, prove 
that 


| Fg Oe #8 dé = glayf (x — u) du 
If the function z(x,y) is determined by the differential equation 
azz 
forx >0, —wm~ <y< o, andifz = f(y) when x = 0, show that 


z(x,y) o el F(®e oY dé 
WF J — 0 


where f(¢) is the Fourier transform of f(y). 
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Making use of the result obtained in the last problem, show that 
l 7 —(y—u)*/4e 
2(x, ) a (u)e 7 au 
4 V Agrx | — 0 f 


17. The function y(x,y) is defined by the equations 
(i) Vip=f@y  —-w<x< w,y>0 


OP _ 
(11) By = Q y=0 
Show that it can be expressed in the form 


rn. ) —~1EZ 
=|. ae | (B abt * Gos (ny) dn 


where 


F(é,n) = . | ° dx | “f (x, y)e** cos (ny) dy 
— © 0 


18. Show that the solution of the diffusion equation 


a9 


2 Oy <x<a, t>0 


which satishes the conditions 
_ 06 
QM > =O when x = 0 


(ii) 6 = 6) = const. when x =a 
(iii) 0 = 0 when t = 0,0 <x.< a 
can be written tn the form 
Oy [(7tt? 4, cosh (x VE) dé 


dni y—to cosh (a Vé) 3 
Hence show that 


oD 
§ = 409 ah hn e—(r+4)*n 2t/a? cos 
T or _ l 
T= 


19. The free symmetrical v findinas of a very large membrane are governed by the 
equation 


(y + 4)0x 
0 


Wz la 1m > 0.1>0 
ar2 " r Or c® Of? _— 


with z = f(r), 0z/0t = g(r) when tf = 0. Show that, for ¢ > 0, 


z(r,t) = | “é Ff () cos (€ct)J,(ér) dé + - Rc sin (Ect) J)(ér) dé 
0 0 


where f (6), #(£) are the zero-order Hankel transforms of f(r), e(r), respectively. 


20. The potential V(p,z) of a flat circular electrified disk of conducting material 
with center at the origin, unit radius, and axis along the z axis satisfies the 
differential equation 

ey 10V ®YV 


Se, ee 
a p Op | az 
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(p > 0, z > 0) and the boundary conditions 


i) V>O0 as Z, p > © 
Gi) V = V,, z=0 O<cp<l 


. OV 
(iil) =— = 0, z=0Q p>l 


Prove that 
V(o,2) = | f Gen Jo(Ep) a 
0 


where the function f satisfies the relations 


| ” foo) dE=Vy OK<p<i 
0 


| rence dé =0 p>il 
0 


Verify that f(€) = (2Vp sin &)/(7&) is a solution of these equations, and hence 
evaluate V(p,z). 


Chapter 4 


LAPLACE’S EQUATION 


In the last chapter we saw how second-order linear partial differential 
equations could be grouped into three main types, elliptic, hyperbolic, 
and parabolic. The next three chapters will be devoted to the considera- 
tion in a little more detail of examples of equations of the three types 
drawn from mathematical physics. We shall begin by considering 
Laplace’s equation, V*y = 0, which is the elliptic equation occurring 
most frequently in physical problems. Because the function y, which 
occurs in Laplace’s equation, is frequently a potential function, this 
equation is often referred to as the potential equation. 


|. The Occurrence of Laplace’s Equation in Physics 


We saw in Sec. 3 of Chap. 3 that problems in electrostatics could be 
reduced to finding appropriate solutions of Laplace’s equation V’y = 0. 
This is typical of a procedure which is adopted frequently in mathe- 
matical physics. We shall not give such a derivation for the most 
frequently occurring physical situations, but since in discussing Laplace’s 
equation it is useful to be able to illustrate the theory with reference to 
physical problems, we shall summarize here the main relations in some 
of the branches of physics in which the field equations can be reduced 
to Laplace’s equation. 


(a) Gravitation. (i) Both inside and outside the attracting matter 
the force of attraction F can be expressed in terms of a gravitational 
potential py by the equation 

F = grad yp 

(1) In empty space y satisfies Laplace’s equation V*y = 0. 

(iii) At any point at which the density of gravitating matter is p the 
potential w satisfies Poisson’s equation V*y = —4rnp. 

(iv) When there is matter distributed over a surface, the potential 
function yw assumes different forms y,, y, on opposite sides of the 
surface, and on the surface these two functions satisfy the conditions 


Ow Ow 
Y1 = Po — = — = —4ro 
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where a is the surface density of the matter and n is the normal to the 
surface pointing from the region | into the region 2. 
(v) There can be no singularities in y except at isolated masses. 


(b) Irrotational Motion of a Perfect Fluid. (i) The velocity q of a 
perfect fluid in irrotational motion can be expressed in terms of a 
velocity potential y by the equation 


q = —grad y 


(i) At all points of the fluid where there are no sources or sinks the 
function y satisfies Laplace’s equation V’y = 0. 

Gi) When the fluid is in contact with a rigid surface which is moving 
so that a typical point P of it has velocity U, then (q — U): n=O, 
where n is the direction of the normal at P. The condition satisfied by 
w is therefore that 

oy 
a (U-n) 
at all points of the surface. 

(iv) If the fluid is at rest at infinity, y > 0, but if there is a uniform 
velocity V in the z direction, this condition is replaced by the condition 
yp~w —Vzasz—> Oo. 

(v) The function » has no singularities except at sources or sinks. 


(c) Electrostatics. (i) The electric vector E can be expressed in 
terms of an electrostatic potential yw by the equation E = —grad y. 

(ii) In empty space y satisfies Laplace’s equation V*y = 0. 

(111) In the presence of charges y satisfies Poisson’s equation V*y = 
—4p, where p is the density of electric charge. 

(iv) The function » is constant on any conductor. 

(v) If mis the outward-drawn normal to a conductor, then at each 
point of the conductor 


oy 
aN = —4ro 


where o is the surface density of the electric charge on the conductor. 
The total charge on the conductor is therefore 


where the integral is taken over the surface of the conductor. 

(vi) With a finite system of charges the function y — 0 at infinity, 
but if there is a uniform field FE, in the z direction at infinity, then 
wom —EozZ as Z —> OO. 

(vii) There can be no singularities in y except at isolated charges, » 
dipoles, etc. Near a charge g, y — g/r is finite, r being measured from 
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the charge. Similarly in the neighborhood of a dipole of moment m 
in a vacuum y — (m-°r)/r? is finite. 


(d) Dielectrics. In the presence. of dielectrics the electrostatic 
potential y defined as in c(i) above satisfies the conditions: 

(i) In the presence of charges div (x grad y) = —4:rp, where « is 
the dielectric constant. 

(ii) If we have two media in contact, we have two forms ¥,, yw, for 
the potential on opposite sides of the surface, but on the surface we have 
YW=y is ee 
1 29 1 on 2 On 

where 7 is the common normal. 
(iii) At the surface of a conductor c(v) is replaced by the equation 


(e) Magnetostatics. (i) The magnetic vector H can be expressed in 
terms of a magnetostatic potential wy by the equation H = —grad y. 
(ii) If w is the magnetic permeability, y satisfies the equation 


div (u grad y) = 0 
which reduces to Laplace’s equation when yu 1s a constant. 
(ii) At a sudden change of medium 
0 0 
Yi = Ya nt = a 


(iv) In the presence of a constant field H in the z direction at infinity 
we have y ~ —Hoz as z > ©. 

(v) In the neighborhood of a magnet of moment m in a vacuum 
y — (m-‘r)/r* is finite, r being measured from the center of the magnet. 


(f) Steady Currents. (i) The conduction current vector j may be 
derived from a potential function » through the formula 


j= —o grad y 
where o is the conductivity. 
(11) The function y satisfies the equation 
div (o grad yp) = 0 


which reduces in the case o = constant to Laplace’s equation. 

(ii) At the surface of an electrode at which a battery is providing 
charge at a definite potential the function » is constant. If the total 
current leaving the electrode is i, then 


OW a 
fo as = 1 
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(iv) At the boundary between a conductor and an insulator or vacuum 
there is no normal flow of current, so that 


op 
= 


(g) Surface Waves on a Fluid. The velocity potential » of two- 
dimensional wave motions of small amplitude in a perfect fluid under 
gravity satisfies the conditions: 

(i) V*y = 0; 

(ii)  d?y/dt? — g(dy/ey) =O on the mean free surface, y being 
measured to increase with depth; 

(iii) Op/on = 0 on a fixed boundary. 


(h) Steady Flow of Heat. In the case of steady flow in the theory of 
the conduction of heat the temperature y does not vary with the time. 
It satisfies the conditions: 

(i)  div(« grad y) = 0, where « is the thermal conductivity, or 
V?y = 0 if « is a constant throughout the medium; 

(41) Ow/dn = 0 if there is no flux of heat across the boundary; 

(il) Ow/on + h(w — y,) = 0, where A is a constant, when there is 
radiation from the surface into a medium at constant temperature 


Po- 
PROBLEMS 


1. Prove Gauss’ theorem that the outward flux of the force of attraction over 
any closed surface in a gravitational field of force is equal to —4z times the 
mass enclosed by the surface. 

Deduce that (a) the potential cannot have a maximum or a minimum value 
at any point of space unoccupied by matter; (4) if the potential is constant 
over a closed surface containing no matter, it must be constant throughout the 
interior. 


2. The function », 1s defined inside a closed surface S; the function po is defined 

outside S, and V*y, = 0. What other conditions must be satisfied by y, and 

?y In order that they should be the internal and external gravitational 
potentials of a distribution of matter inside S of density —V*y,/4:? 

Verify that the conditions are satisfied by the potential of a uniform sphere 


Yo = amp —> = wi = Sup 3a* — r’) 


3. Find the distribution which gives rise to the potential 


a” — 3x? r<a 
yp = (ay? + 2% — 2x?) 


pr? 


r>a 


where r? = x? + y® 4 z?, 
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4. Find a distribution which gives rise to the potential 
_ logR R>I1 
— is 
mlogR + 5(5 — 9R’ + 4R’) R< J 


where R? = x? + y*. 
5. Find the distribution of electric charge which gives rise to the potential 


— : x<0 
k{(x + a)® + y® + 273-8 — (x — a)? + yp? + 27-2 x>0 


and calculate the total charge present on the plane x = 0. 
6. Show that the velocity potential 
y = $Vaer-* cos 6 


satisfies all the conditions associated with the rectilinear motion of a sphere of 
radius @ moving through a perfect incompressible fluid which is moving 
irrotationally and is at rest at infinity. 


2. Elementary Solutions of Laplace’s Equation 


If we take the function y to be given by the equation 


oS (1) 
rr oP ap lo PP oe ee PY 


where g is a constant and (x’,y’,z’) are the coordinates of a fixed point, 
then since 


Op = x —*’) 


a r _ rs 3° etc. 
yg qe x’) 
Ox® fr — rf? fr —r's - - 
it follows that 
V*y = 0 


showing that the function (1) is a solution of Laplace’s equation 
except possibly at the point (x’,y’,z’), where it is not defined. 

From what we have said in (c) of Sec. 1 it follows that the function 
wy given by equation (1) is a possible form for the electrostatic potential 
corresponding to a space which, apart from the isolated point (x’,y’,z’), 
is empty of electric charge. To find the charge at this singular point 
we make use of Gauss’ theorem (Problem 1 of Sec. 1). If S is any 
sphere with center (x’,y’,z’), then it is easily shown that 


oy 
{2 ads a —A4ng 


from which it follows, by Gauss’ theorem, that equation (1) gives the 
solution of Laplace’s equation corresponding to an electric charge +g. 
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By a simple superposition procedure it follows immediately that 


n 
qi 
-™ (2) 
2-H 
is the solution of Laplace’s equation corresponding to n charges gq, 
situated at points with position vectors-‘r; (i= 1,2, ... ,n). 


In electrical problems we encounter the situation where two charges 
+g and —g are situated very close together, say at points r’ andr’ + or’, 
where 6r’ = (/,m,n)a. The solution of Laplace’s equation corre- 
sponding to this distribution of charge is 
ot q 
oir — Fr ° lr —r’ -- or'| 
Now 

] | 
ir —r’ —or'| fr —r'| 
, ax) + my — y) + nz —2z’) 
re rf 
so that if a0, g— © in such a way that ga — y, 1.e., an electric 
dipole is formed, it follows that the corresponding solution of 
Laplace’s equation is 
Ps —x')+my —y’) +n —2Z') 
lr —fT 8 (3) 
a result which may be written in other ways: If we introduce a vector 
m = u(1m,n), then 


a + O(a?) 


m:(r —r’) 
~ Tare (4) 
Also since 
2 se oneness x etc 
Ox’ r—r| fr —r’P 


it follows that (3) may be written in the form 
os: does | ( 0 , a | 
y = (m a ir i deal ir — r’| (5) 
In reality we usually have to deal with continuous distributions of 
charge rather than with point charges or dipoles. By analogy with 
equation (2) we should therefore expect that when a continuous distri- 
bution of charge fills a region V of space, the corresponding form of 
the function y of (c) of Sec. 1 is given by the Stieltjes integral* 


aq 
v= J, F-"] " 
* For a discussion of the analytical properties of such Stieltjes potentials the 


reader is referred to G. C. Evans, Fundamental Points of Potential Theory, Rice 
Inst. Pamph., 7 (4), 252-293 (October, 1920). 
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where q is the Stieltjes measure of the charge at the point r’, or if 
p denotes the charge density, by 


wr) = | pir) dr 


Jy er —¥] O 


By a similar argument it can be shown that the solution corresponding 
to a surface S carrying an electric charge of density o is 


— fo’) ds’ 
v(t) = ) ir —r’| 


(8) 


Example 1. Jf p > 0 and y(r) is given by equation (7), where the volume V is 
bounded, prove that 


lim ry(r) = M 
Y= 00 
where M = | o(t’) dr’ 
V 


Let r,, r. be the maximum and minimum values of the distance |r — r’| from the 
point r to the integration points r’ of the bounded volume V. Then by a theorem 
of elementary calculus 

M oT p(r’)d7r M 
ry yie—r| fre 
an equality which may be written in the form 


(= M <ry(r) < (- M 


Now as r > ©, r/r, and r/r. both tend to unity, so that 


lim ry(r) = M 
PROBLEMS 


1. Prove that r cos @ and r~* cos @ satisfy Laplace’s equation, when r, 0, ¢ are 
spherical polar coordinates. 

An electric dipole of moment u is placed at the center of a uniform hollow 
conducting sphere of radius @ which is insulated and has a total charge e. 
Verify that V;, the potential inside the sphere, and Vo, the potential outside the 
sphere, are given by 

_é@ , #cosé or _e@ 
haere 72 7 00s 9, <a 

where r is measured from the center of the sphere and @ is the angle between 
the radius vector and the positive direction of the dipole. 


2. A surface S carries an electrical charge of density co. In the negative. direction 
of the normal from each point P of SS there is located a point P, at a constant 
distance h, thus forming a parallel surface S,. Assuming that corresponding 
points P and P, have the same normal and that corresponding elements of 
area carry numerically equal charges of opposite sign, show that the potential 
function of the system is 


I] J er 
" “ies - =F Fal = 
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By letting 4 > 0, p -> oo in such a way that oh — u« everywhere uniformly on 
S, obtain the expression 


a er 
S 


jr — rf? 


for the potential of an electrical double layer. 


A closed equipotential surface S contains matter which can be represented by 
a volume density oc. By substituting y’ = |r — r’[-? in Green’s theorem! 


Q Ow’ 
| G at vas = | (y’V2y — yV*y’) dr 
Ss On on V 


O / , / 
(32) Bo + ae | ptr’) ar’ = 0 
g \On} |r — rv’ yijr—r' 


Deduce that the matter contained within any closed equipotential surface.§ 
can be thought of as spread over the surface S with surface density 


prove that 


at any point. 


By applying Green’s theorem in the above form to the region between an 
equipotential surface S and the infinite sphere with y’ = |r —r‘[' and y» 
the potential of the whole distribution of matter, prove that the potential 
inside S due to the joint effects of Green’s equivalent layer and the original 
matter outside S is the constant potential of S. 


Show that 
| dr’ , (: r) 2 
p|t = r|- " 4a 


irrespective of whether the point with position vector r is inside or outside the 
volume V or on the surface bounding it. 


. Prove that the potential 


p(r’) dr’ 
V Ir = r’| 
and its first derivatives are continuous when the point P with position vector r 


lies inside or on the boundary of V. 
Show further that V?y = —4ap if Pe Vand that V’y = Oif P¢ V. 


y(r) = 


3. Families of Equipotential Surfaces 


If the function (x,y,z) is a solution of Laplace’s equation, the one- 
parameter system of surfaces 


Wx,y,z) = Cc 


is called a family of eqguipotential surfaces. It is not true, however, 
that any one-parameter family of surfaces 


(x,y,z) = € (1) 


1H, Lass, “Vector and Tensor Analysis” (McGraw-Hill, New York, 1950), p. 118. 
2 This distribution is known as Green’s equivalent layer. 
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is a family of equipotential surfaces. This will be so only if a certain 
condition is satisfied; we shall now derive the necessary condition. 

The surfaces (1) will be equipotential if the potential function y is 
constant whenever f(x,y,z) is constant. There must therefore be a 
functional relation of the type 


y= Fif(xy.z)} (2) 
between the functions y and f’ Differentiating equation (2) partially 
with respect to x, we obtain the result 

Op  aF of 
ox af ox (3) 
and hence the relation 


Oy dF (2 of ) dF of (4) 
ox? ~ df? \ax df ox? 
from which it follows that 
Vip = Ff (grad f)? + PPV’ (5) 
Now, 1n free space, V?y = 0, so that the required necessary condition 
is that 
Vv? F* 
f __F(f) . 


(grad f)?  F(f) 


Hence the condition that the surfaces (1) form a family of equipotential 
surfaces in free space is that the quantity 


v3 


grad f/? 
is a function of f alone. 
If we denote this function by y(/), then equation (6) may be written 


as 
d*F 


df ® 2 
from which it follows that 
ak 
— Ap Inf) af 
Wt if = Ae 
where A is a constant, and hence that 
y = Afe Xa af + B (7) 


where A and B are constants. 


+ xf) = ao 


Example 2. Show that the surfaces 
x2 + y? + 2% = cx 


can form a family of equipotential surfaces, and find the general form of the corresponda- 
ing potential function. 
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In the notation of equation (1) 
f=x84+ x-8(y* + 2) 


so that grad f = $x 82x? — y® — z*, 3xy, 3xz) 
Hence Vf = ~ x~8(4x7 + y® + 2°) 
and lgrad f|? = sx¥ (4x2 + y® + 2*)(x? + y® + 2?) 


so that V?// |grad f|? = x(f), where x(f) = 5/(2f). The given set of surfaces 
therefore forms a family of equipotential surfaces. 


Substituting 5/(2f) for x(f) in equation (7), we find that 
y = Af-i+ B 
from which it follows that the required potential function is 
yp = Ax(x*? + y+ 2%) 24+ B 


where A and B are constants. 


PROBLEMS 
1. Show that the surfaces 


(x? + y®)}? — 2a%(x? — py) + at =e 


can form a family of equipotential surfaces, and find the general form of the 
corresponding potential function. 


2. Show that the family of right circular cones 
x® + y® = c2® 


where c is a parameter, forms a set of equipotential surfaces, and show that the 
corresponding potential function is of the form A log tan $6 + B, where A and 
B are constants and 6 is the usual polar angle. 


3. Show that if the curves f(x,y) = c form a system of equipotential lines in free 
space for a two-dimensional system, the surfaces formed by their revolution 
about the x axis do not constitute a system of equipotential surfaces in free 


space unless ; 
wa) * Us) * (5) J 


is a constant or a function of ¢ only. 
Show that the cylinders x? + y* = 2cx for a possible set of equipotential 
surfaces in free space but that the spheres x* + y* + z? = 2cx do not. 


4. Show that the surfaces 
x*® + y? —2ex + a® =0 
where @ is fixed and ¢ is a parameter specifying a particular surface of the 
family, form a set of equipotential surfaces. 
The cylinder of parameter c, completely surrounds that of parameter 
C,, and c, >a>0Q. The first is grounded, and the second carries a charge 
E per unit length. Prove that its potential is 


(cy + a)(cy — @) 


HOB Ge — acy + a) 
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4, Boundary Value Problems 


In Sec. 1 of this chapter we have seen that in the discussion of certain 
physical problems the function y whose analytical form we are seeking 
must, in addition to satisfying Laplace’s equation within a certain 
region of space V, also satisfy certain conditions on the boundary S of 
this region. Any problem in which we are required to find such a 
function y is called a boundary value problem for Laplace’s equation. 

There are two main types of boundary value problem for Laplace’s 
equation, associated with the names of Dirichlet and Neumann. By 
the interior Dirichlet problem we mean the following problem: 

If fis a continuous function prescribed on the boundary S of some 
finite region V, determine a function y(x,y,z) such that V?y = 0 within 
V and y = fon S. 

In a similar way the exterior Dirichlet problem is the name applied to 
the problem: 

If f is a continuous function prescribed on the boundary S of a 
finite simply connected region V, determine a function »(x,y,z) which 
satisfies V?y = 0 outside V and is such that y = fon S. 

For instance, the problem of finding the distribution of temperature 
within a body in the steady state when each point of its surface is kept 
at a prescribed steady temperature is an interior Dirichlet problem, 
while that of determining the distribution of potential outside a body 
whose surface potential is prescribed 1s an exterior Dirichlet problem. 

The existence of the solution of a Dirichlet problem under very 
general conditions can be established. Assuming the existence of the 
solution of an interior Dirichlet problem, it is a simple matter to prove 
its uniqueness. Suppose that y, and y, are both solutions of the interior 
Dirichlet problem in question. Then the function 


Y= Yi — Po 
must be such that V?y = 0 within Vand y =OonS. Now by Prob. 1 
of Sec. 1 of this chapter we know that the values of » within V cannot 
exceed its maximum on 5S or be less than its minimum on SS, so that we 
must have y = 0 within V; 1e., y, = y, within V. It should also be 
observed that the solution of a Dirichlet problem depends continuously 
on the boundary function (cf. Example 1 below). 

On the other hand, the solution of the exterior Dirichlet problem is 
not unique unless some restriction is placed on the behavior of (x,y,z) 
as r-> oo. In the three-dimensional case it can be proved? that the 
solution of the exterior Dirichlet problem is unique provided that 


w(x, y.2)| < < 


1 See Sec. 8. 
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where C is a constant. In the two-dimensional case we require the 
function y to be bounded at infinity. 

In cases where the region V is bounded the solution of the exterior 
Dirichlet problem can be deduced from that of a corresponding interior 
Dirichlet problem. Within the region V we choose a spherical surface 
C with center O and radius a. We next invert the space outside the 
region V with respect to the sphere C; i.e., we map a point P outside V 
into a point II inside the sphere C such that 


OP - OI = a’? 


In this way the region exterior to the surface S is mapped into a region 


Vip 


Vi 


Figure 21 


V* lying entirely within the sphere C (cf. Fig. 21). It can be easily 
shown that if 


fe) = Saf) 


and if »*(II) is the solution of the interior Dirichlet problem 
V7y* = Owithin V*, y* = f*(II) for Il e S* 


a 
then wP) = OP p*(IT) 


is the solution of the exterior Dirichlet problem 
V7y = 0 outside V, p= f(P)forPeS 


Lebesgue has shown by a specific example that in three-dimensiona] 
regions whose boundaries contain certain types of singularities the 
Dirichlet problem may not possess a solution assuming prescribed 
values at all points of the boundary. Consider, for example, the 
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potential due to a charge kz on the segment O <z<l,x=y=0. 
It is readily proved by the methods of Sec. 1 that the requisite potential is 


i y=) Zz’ dz’ 
MO jo Vee PE 2h 


which can be expressed in the form 
Po(X,),Z) —2 log (x? + y*) 


where (x,y,z) 1s continuous at the origin and takes the value | there. 
The second term takes the value c at each point of the surface whose 
equation is 

(x | y’) = eel2z 


which passes through the origin whatever value chas. In other words, 
any equipotential surface on which y=1+c passes through the 
origin, so that the potential at the origin is undefined. 

The second type of boundary value problem is associated with the 
name of Neumann. By the interior Neumann problem we mean the 
following problem: 

If fis a continuous function which is defined uniquely at each point 
of the boundary S of a finite region V, determine a function (x,y,z) 
such that V*y = 0 within V and its normal derivative dy/dn coincides 
with fat every point of S. 

In a similar way the exterior Neumann problem is the name given to the 
problem: 

If fis a continuous function prescribed at each point of the (smooth) 
boundary S of a bounded simply connected region V, find a function 
w(x,y,z) satisfying V?y = 0 outside V and oy/dn = fon S. 

We can readily establish a necessary condition for the existence of the 
solution of the interior Neumann problem. Putting a = grad y in 


Gauss’ theorem 
| a, ds = { div a dr 
Ss Vv 


Ow 
2 as 
|v dr 2 ads 


Now on the boundary 


we find that 


Oy 
so that { Vip dr = | f(P) dS 
V S 


Hence if V?y = 0, we have 


[ @) as = 0 (1) 
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showing that a necessary condition for the existence of a solution of the 
problem is that the integral of f over the boundary S should vanish. 

It is possible to reduce the exterior Neumann problem to the interior 
Neumann problem just as in the case of the Dirichlet problems (see 
Prob. 3 below). 

In the two-dimensional case it is possible to reduce the Neumann 
problem to the Dirichlet problem. Suppose that a solution y of the 
Neumann problem 


(i) Vy =0 within S 
7 
(ii) = =f(P) forPeC 


exists and is such that y and its partial derivatives with respect to x, y 
can be extended continuously to the boundary C of the plane region S. 
We can now construct a function ¢ which, within S and on C, satisfies 
the Cauchy-Riemann equations’ 


so that » + i¢ is an analytic function of the complex variable x + iy. 
The function ¢ is therefore defined uniquely apart from a constant term. 
Now it is well known that 


so that if P, Q are two points on the boundary curve C, then 
$0) — 4(P) = | Fas = |" pis) as Q) 
JP OSs P 
Since, by an argument analogous to that leading to equation (1), 


{ £0 ds = 0 


it follows that equation (2) defines ¢ on C as a continuous and single- 
valued function, and it is readily shown that if y 1s harmonic, then so 
also is ¢. Hence knowing the value of ¢ on C, we can determine ¢ 
within S. Using the Cauchy-Riemann equations then, apart from a 
constant term, we can determine the function » within S. 

Recently Churchill? has analyzed a boundary value problem of a 
type different from those of Dirichlet and Neumann. By the interior 
Churchill problem we shall mean the problem: 


1 See Sec. 10. 
2R. V. Churchill, J. Math. and Phys., 33, 165 (1954). 
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If fis a continuous function prescribed on the boundary S of a finite 
region V, determine a function (x,y,z) such that V?y = O within V and 


Ow _ 
a, + + iIhp=f 


atevery point of S. 
An exterior Churchill problem can be defined in a similar manner. 


PROBLEMS 


If y,, y, are solutions of the Dirichlet problem for some region V corresponding 
to prescribed boundary values fj, fo, respectively, and if | f, —fQ| < at all 
points of S, prove that |», — y.| < ¢ at all points of V. 

Deduce that if a given sequence of functions which is harmonic within V 
and is continuous in V and on S converges uniformly on S, then this sequence 
converges uniformly within V. 


Prove that the solutions of a certain Neumann problem can differ from one 
another by a constant only. 


Prove, with the notation of this section, that if 
On 
pd =fM<4 
nh 
and if y*(II) is the solution of the interior Neumann problem 
ay* 


V2y* = 0 within V*, — = 
on* 


f *(D for Te S* 
then y(P) = y*(IT) is the solution of the exterior Neumann problem 


0 
V*y = 0 outside V, = = f{(P) for Pe S 


Prove that the solution y(r,9,¢) of the exterior Dirichlet problem for the unit 
sphere 


V4» =0,r > 1, yp = f (6,4) onr = 1 
is given in terms of the solution v(r,6,¢) of the interior Dirichlet problem 


Vv =0,r<1, v=f(6¢)onr =1 
by the formula 


wendy ~Be( 340 


Prove that the solution (r,8,¢) of the interior Neumann problem for the unit 
sphere 


Vy =0,7r <1, — =f(@9)onr = 1 


is given in terms of the solution v(7,0,¢) of the last question by the formula 


1 
y(7,0,¢) = { u(rt,8,4) 5 +C 


0 f 
where C is a constant. 
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6. Prove that the solution y(r,0,¢) of the interior Churchill problem for the unit 
sphere 


V-y = 0 r<i 
Q 
= +(k+ Ip = f(6,¢) onr=1,k > -1 


is given in terms of the function v(r,6,¢) defined in Prob. 4 by the formula 


1 
vied) = | obra at 
v0 


5. Separation of Variables 


We shall now apply to Laplace’s equation the method of separation of 
variables outlined in Sec. 9 of Chap. 3. 


In spherical polar coordinates r, 6, ¢ Laplace’s equation takes the 
form 


O*y 2 oy l dw cot é dy ] Oy 

tot roe 0 Panto age 2 || WD 
and it was shown in Example 5 of Sec. 9, Chap. 3 that this equation is 
separable with solutions of the form 


B,, 
4, PSs =a Q(cos bei"? (2) 


where A,, B,, m are constants and ©(,) satisfies Legendre’s associated 

equation 
d? : d® m* 
_— ne ee aes = 

d=) 55 mw + (n+ D--=JJo=-0 © 

If we take m = " we see that equation (3) reduces to Legendre’s 
equation 

d*) do 
(lw Fy — 2G” + nln + 0 =0 (4) 


In the applications we wish to consider we assume that n is a positive 
integer. In that case it is readily shown’ that this equation has two 
independent solutions given by the formulas 


1 a” 
PAu) = nl du" Csleae © (5) 


—- 1 at + . _ 
O.(u) = $P,(u) log 7 oie Os ¥ —— > Prost) (6) 
where p = 3(n — 1) or gn — 1 enna as n is odd or even. The 
general solution of equation (4) is thus 


’ For the proof of this and other results about Legendre functions see I. N. 
Sneddon, “‘The Special Functions of Mathematical Physics’? (Oliver & Boyd, 
Edinburgh, 1956), chap. III. 
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where C, and D, are constants. In a great many physical problems, 
especially those connected with concentric spherical boundaries, we 
know on physical grounds that the function © remains finit> along the 
polar axis 0=0. Now when 6=0, w= 1, and it follows from 
equation (6) that Q,() is infinite, so that if © is to remain finite on the 
polar axis, we must take the constant D, to be identically zero.1 In 
these cases we therefore obtain solutions of Laplace’s equation (1) of 
the form 


y = 2 (4, ret a) P P,(cos 8) (3) 


In the general case in which m 40 we find that when 0 << m <1, 
equation (3) possesses solutions of the type 


Po (u) = (at — 19 a (9) 


Om (u) = (ut — ye SEY oan (10) 


When « = +1, Qf) 1s infinite, so that in any physical problem in 
which it is known that ©, i.e., wy, does not become infinite on the polar 
axis we take P7(u) to be the solution of equation (3). In this way we 
obtain solutions of Laplace’s equation (1) of the form 


= > 2d (Annt™ + Bint” )Pr(cos de*" (11) 


nN=O0O mM<2 


which may be written as 


y = > ("| ; AP, (cos @) -+- > (A. mcosmd -+- B,,,, sin mp) P?'(cos | 
n=0 a m=] (12) 


We shall illustrate the above remarks by considering first a very 
elementary problem in the irrotational motion of a perfect fluid. 


Example 3. A rigid sphere of radius a is placed in a stream of fluid whose velocity 
in the undisturbed state is V. Determine the velocity of the fluid at any point of the 
disturbed stream. 

We may take the polar axis Oz to be in the direction of the given velocity and take 
polar coordinates (r,0,¢) with origin at the center of the fixed sphere. 

From Sec. 1(4) we see that the velocity of the fluid is given by the vector 

= —prad y, where 


(i) V7y = 0 
. oy 
(11) = Q onr =@ 
(ill) y ~ —Vrcos 0 = —VrP,(cos 8) asr > 0 


1 It should be noted that this is not always true. As an example of a problem 
in which D,, = 0 see Prob. 1 below. 
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The axially symmetrical function 


y= > (4. + 2s.) P,, (cos 6) 
n=0 
satisfies (1). Condition (ii) is satisfied if we axe 


nA,ae+ —(n + 1) 2 a = 0) 


ie., if B, = na’"4,/(n + 1). Asr - ©, this velocity potential has the asymptotic 
form 


oO 
yp~ > A,r”P, (cos 9) 
0 


so that to satisfy (iii) we take A, = —V and all the other A’s zero. Hence the 
required velocity potential is 
3 
= v(r + 5,3 o Jeos 0 


The components of the velocity are therefore 


A similar problem from electrostatics is: 


Example 4. A uniform insulated sphere of dielectric constant « and radius a 
carries on its surface a charge of density 1P,(cos @), Prove that the interior of the 
sphere contributes an amount 


822 A2ar xn 
(Qn + 1)(cn +n + 1) 
to the electrostatic energy. 
The electrostatic potential y takes the value y, inside the sphere and y, outside, 

where by virtue of Sec. 1(d) we have: 

(i) V4 = 0, V2 Wo = 0) 

(ii), Is finite atr = 0; y, > O0asr—> om; 
(ili) py, = yw, and «(ey,/dar) — dy,/ér = 4rAP,(cos 6) on r = a. 
Conditions (i), (ii), and the first of (iii) and the condition of axial symmetry are 
satisfied if we take 


r - a n+l 
Y= A a P,,(Cos 0), Yo = A ; P,,(cos 0) 


and the second of (i) is satisfied 1f we choose A so that 
ee 4 DY 4 
a a 


Hence the required potential function is 


4rah r\" 
a a TITS = 8 
M1 an tant 14 enon’) 
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The energy due to the interior of the sphere is known from electrostatic theory to be 
K Ow, K l6n’a7? on . | a 
ae — i ee 0 6 0) dé 
a Wy ( *) dS tna ue ia 27a ; sin OP, (cos 0) P,(cos 8) d 
and the result follows from the known integral’ 


, ; 
a ead ee 
[70 ay a 


A similar procedure holds when Laplace’s equation is expressed in 
cylindrical coordinates (p,¢,z). In these coordinates Laplace’s equation 
becomes 

Op lop Ll py My 

Op” pop” pape Oe" 
and it was shown in Example 4 of Sec. 9 of Chap. 3 that this equation 
possesses solutions of the form 


R(p)e E MZ pL Ing (14) 
where R(p) is any solution of Bessel’s equation 


dR l aR n 
2 =E=eE 
72 - a “r (m -") R=0 (15) 


po” 

In the usual notation for Bessel functions the general solution of this 
equation is 

R= A nnd rlmp) + Brn Y,(mp) (16) 
where A,,,,, and B,,,,areconstants. Thefunction Y,(mp) becomes infinite 
as p — Q, so that if we are interested in problems in which it is obvious 
on physical grounds that y remains finite along the line p = 0, we must 
take B,,, = 0. In this way we obtain a solution of the type 


Y= 2 > AmnIn(mpje=™ =m? (17) 


For problems in which there is symmetry about the z axis we may 
take n = 0 to obtain solutions of the form 


yp = > AJ o(mp)e*”™ (18) 


In particular if we wish a solution which is symmetrical about OZ 
and tends to zero as p > 0 and as z > ©, we must take it in the form 


y= > AmJomp)e-™ | (19) 


Example 5. Find the potential function y(p,z) in the regionO0 <p <1,2z>0 
satisfying the conditions 


(i) y—>O0 asz—-> © 
(11) yp = 0 onp = 1 
(111) yp = f(p) onz=OQforO0<p<l 


+ Sneddon, op. cit., equation (15.7). 
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The conditions (i) and (ii) are satisfied if we take a function of the form 
w(p,z) = > A,Jo(Ap)e~*s? (20) 
where A, is a root of the equation 
JA) = 9 
Now it is a well-known result of the theory of Bessel functions! that we can write 


fle) = >, AsJolAse) 


”) 1 
where A, = RACER: | pf (p) Jol Asp) dp (21) 


Hence the desired solution is (20), with A, given by the formula (21). 


The method of separation of variables can also be applied to Laplace’s 
equation in rectangular Cartesian coordinates (x,y,z). It is readily 
shown that the function 


exp (jax + ify + yz) (22) 
is a solution of V*y provided that 
Pa oe A (23) 


The use of solutions of this kind is illustrated by: 


Example 6. Find the potential function (x,y,z) in the region 0 <x <a, 
O0<y<6,0 <z <c Satisfying the conditions 


(i) yp = 0 onx =0,x =a,y=0,y=b,z=0 
(it) y = f(x,y) onz=c,0<x<a0<cy<d 


The conditions (i) are satisfied if we assume 


. mmx . A . 
y= B) > Amn Sin — sin — sinh (Ym nz) 
m on 


where, because of equation (23), 
2 


ne n®\* 
Ynn —7 (= + " (24) 
Now by the theory of Fourier series we can write 


fluy) = Ss > fan sin — sin 


m=1 n=] 
4 
ab 
Thus to satisfy (11) we take 


a (6 
where fon = } f(y) sin = sin = “ dx dy (25) 
0 /0 


bo 


| Amn =fmn Cosech (YmnC) 
to obtain the solution 


W(X,y,Z) = S > dca sin — sin = sinh (ymnz) cosech (Vinne) 


m=l1n= 
where finn ANd Yiny are given by equations (25) and (24), respectively. 


1G. N. Watson, “A Treatise on the Theory of Bessel Functions’ 2d. ed. 
(Cambridge, London, 1944), p. 576. 
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PROBLEMS 


1. Ifwisa harmonic function which is zero on the cone €@ = « and takes the value 
>%,r” on the cone 6 = 8, show that when « < 6 < 8, 


y = 
n=O 


2. A small magnet of moment m lies at the center of a spherical hollow of 
radius a in medium of uniform permeability u. Show that the magnetic 
field in this medium is the same as that produced by a magnet of moment 
3m/(1 + 2) lying at the center of the hollow. 

Determine the field in the hollow. 


gales a)P, (cos 6) — P,(cos «)O,(cos 6) \ 
” \0,(cos «)P,(cos B) — P,(cos «)O,,(cos B)} 


3. A grounded nearly spherical conductor whose surface has the equation 


(s@) 
r=a { + > E,P,, (COS »| 
N=2 


is placed in a uniform electric field E which is parallel to the axis of symmetry 
of the conductor. Show that if the squares and products of the «’s can be 
neglected, the a is vi by 


; n+ 1 : 

V a Ea (I zg $e,)(- -\ P, ae 3 > {a nM — 1 En} i = oe on ale 3 Ene 
n+l 

4 (2| FF, Ey ea Q, 


4. Heat flows in a semi-infinite rectangular plate, the end x = 0. being kept 
at temperature 9, and the long edges y = 0 and y = a at zero temperature. 
Prove that the temperature at a point (x,y) 1s 


40, <1 (Om + Wey 
—— SS —S— 
7 om + | a 


e2mtliarfa 


5. Visa function of r and 6 satisfying the equation 


ey lav ley, 
Ore "ror | 7? BR 


within the region of the plane bounded by r = a, r = 6,0 =0, 9 = $7. Its 
value along the boundary r = a is 647 — 8), and its value along the other 
boundaries is zero. Prove that 


— (r/byir-2 — (b/r)@"-? sin (4n — 2)0 


y 2 
— — (a/b)? — (blay-2— (2n — 198 


6. Problems with Axial Symmetry 


The determination of a potential function p for a system which has 
axial symmetry can often be considerably simplified by making use of 
the fact that it is sometimes a simple matter to write down the form of y 
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for points on the axis of symmetry. It is best in such cases to use 
spherical polar coordinates r, 6, @ and to take the axis of symmetry to 
be the polar axis 6=0. Suppose that we wish to determine the 
potential function (r,#,¢) corresponding to a given distribution of 
sources (such as masses, charges, etc.) and that we have been able to 
calculate its value (z,0,0) at a point on the axis of symmetry. If we 
expand y(z,0,0) in the Laurent series 


y(z,0,0) = S (4. z™ +- 4 (1) 
21 = 4) 
then it is readily shown that the required potential function is 
wr,0,d) = ) (4, r” + =] P,,(cos 6) (2) 
for ~ 
(1) Vey = 0; 


(ii) y(r,0,¢) takes the value (1) on the axis of symmetry, since there 
P,(cos 6) = l,r =z; 
(ii) y(r,0,¢) is symmetrical about Oz as required. 

The simplest example of the use of this method 1s the determination 
of the potential due to a uniform circular wire of radius a charged with 
electricity of line density e. At a point on the axis of the wire it is 
readily seen that 

27ea 


MeO) = Tee 


27 > (4) z<a 
so that y(z,0,0) = “ (4) Q\ 2n+l 
2ne > — (—I)" (=) cee 


where we have used the notation (a), = ala +1)°--+:(a+n—l). 
Hence at a general — we have 


)2ne > > (2)n , (—4 Y ” Ps, (cos 0) r<a 
p(r,8) = | 


27e > De “andi ” Py, (cos 0) r >a 


The solution of a direct es of this kind presents little difficulty. 
Where the method is most useful is in the combination with that of 
Sec. 5, as in the following example: 

Example 7. A uniform circular wire of radius a charged with electricity of line 


density e surrounds grounded concentric spherical conductor of radius c. Determine 
the electrical charge density at any point on the conductor. 
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By the last result and the method of Sec. 5 we see that we take for the forms of the 
potential function 


= Ba (t on ,\2n o\ 204 
vy = 2ne > (=) — + Ap : + B, : P,,(cos6@) ec<r<a 


n=0 
and 
= me Ps ie a\ ent! 
Yo = dre > \(—0" zeus (2) CA “) | Pax(co 0) r>a 
= n! \r r 
The boundary conditions 
(1) y =O onr=c 
: Op, oy 
(ii) Y= Vo, — ==> onr=a 


yleld the equations 


(—1)” de (<) "+4, (<) “+ B, = 0 
- \a 


a 
2n+1 
A,, + Bp (<) = C, 
a 
2n-+1 
2nA, — (2n + 1B, a = —(2n + 1)C, 
a 
from which it follows that 
@s c\*" 


Hence whenc <r <4, 


(2 7 pan intl 

Y~, = dre S (a2 ])" 222 “Bh Gan, intl P,,,(cos 9) 
n= 

The surface density on the colnsieekas conductor is given by the formula 


so that = — = 2, —{)" —— - (4n + D)  Paa(COS 0) 


PROBLEMS 


1. Prove that the potential] of a circular disk of radius a carrying a charge of 
surface density o at a point (z,0,0) on its axis @ = 0 is 


2ro[(z* + a*)t — z] 
Deduce its value at a general point in space. 


2. A grounded conducting sphere of radius a has its center on the axis of a 
charged circular ring, any radius vector c from this center to the ring making an 
angle « with the axis. Show that the force pulling the sphere into the ring is 


OQ” = 2n-+1 
om ps (n + 1) Pyii(cos «)P,(cos 9) (<) 
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3. A grounded conducting sphere of radius a is placed with its center at a point 
on the axis of a circular coil of radius 5 at a distance c from the center of the 
coil; the coil carries a charge e uniformly distributed. Prove that if a is 
small, the force of attraction between the sphere and the coil is 


7 lala] +e (a) 


where f? = b? + c*. 


4. A dielectric sphere is surrounded by a thin circular wire of large radius b 
carrying a charge £. Prove that the potential within the sphere is 


EX a 4n + | Tin + $) {r\*" 
R 2, "TFPI eD) nIE®) 4 Pan(cos 9) 


7. Kelvin’s Inversion Theorem 


It is a well-known result in the elementary theory of electrostatics 
that the solution of certain problems may be derived from that of 
simpler problems by means of a transformation of three-dimensional 
space known as inversion in a sphere. The points P, II with position 
vectors r, p, respectively, are said to be inverse in a sphere S of center 
with position vector ec and radius 


* aif the points P, I, C are col- 
linear and if a is the mean propor- 
tional between the distances CP, 
CII. We must therefore have 

r 
Ac + ur + 7p = 0 
O A+utv= 1 
Figure 22 and a’ = rp 


This transformation has the property that it carries planes or spheres 
into planes or spheres and carries a sphere S” into itself if and only if 
S" is orthogonal to S. 

We now consider the effect of such a transformation on a harmonic 
function. If we write e = (¢,7,¢), r = (x,y,z), so that 

a’x a*y a°z 
then by the well-known rule! for the transformation of the Laplacian 
operator it follows that 


rtd fae 0 {aoa 0 {ara 
SEER EER EER] 
a® Lox \r® ax} oy \r® Oy! ~— az \r® dz 
* P. M. Morse and H. Feshbach, ‘‘Methods of Theoretical Physics” (McGraw- 
Hill, New York, 1953), pt. I, p. 115. 
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Now as a result of direct differentiations it is readily shown that 
0 (5 s¥) a & (2 |- ay oe (2) 
Ox \r? ax r oxe \r*) Fr Ox? 


so that since 1/r is a harmonic function, the right-hand side of equation 


(2) reduces to 
5 (= 1 0° 2 “) (3 
a® \ox® ay’ az?) \r © 
Hence we have Kelvin’s inversion theorem that if y(é,7,¢) is a harmonic 
function of &, 7, ¢in a domain R, then 
a (a’x a’y =) _a (2) 
re (See ae) pel 2 
is a harmonic function of x, y, z in the domain R’ into which R is 
carried by the transformation (1). 


By the principle of superposition of solutions of a linear partial 
differential equation it follows from equation (3) that the functions 


ifn ()a, [yan (jaa 


are also solutions of Laplace’s equation for any function f(A) such that 
the second of integrals (4) exists. 

Kelvin’s inversion method has been adopted by Weiss! to yield 
solutions of potential problems which are neat and readily adaptable to 
numerical computation. For instance, suppose that y,(r) denotes the 
potential of an electric field having no singularities within r = a and 
that a grounded conducting sphere S of radius a is then introduced into 
the field with its center at the origin. To describe the disturbed field 
we must find a function y satisfying 


Qa) y(r) ~ y(n) for large values of r 

(1) y=O onr=a 

(iii) V2y = 0 forr>a 

By the above argument it is readily shown that the required function Is 
given by the equation 


y(r) = yolr) — = Yo (S | (5) 


The charge induced on the conducting sphere 1s 


= I | 
C= —-F Af — 
] ee) 
— qn ‘ 28 — av 09) 


1 P, Weiss, Proc. Cambridge Phil. Soc., 40, 259 (1944); Phil. Mag., (7) 38, 200 
(1947). 
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where. y,(0) denotes the value of y,(r) at the origin. Since »,(r) is 
regular and harmonic within the sphere S, it follows from Gauss’ 
theorem that the first term on the right-hand side of this equation 
vanishes, and we have 


Q = —ay,(0) (6) 

If the conducting sphere is not grounded but insulated, the solution is 
a (ar\ a 

v(t) = vale) — 5 yo (SE) +S vot 7) 


In the corresponding hydrodynamical problem we have to determine 
a function y satisfying the conditions 


(1) yr) ~ »,(r) for large values of r 
OW 

(11) _~ 0 onr=a 

(11) V2» = 0 forr>a 


These conditions are satisfied by the function 


v(t) = pole) += ~ Po (S )-= : “ape (S "aa (8) 


ar 


Condition (ii) follows from the fact that if wo satisfies Laplace’s 
equation, then so do the functions (3) and (4). To verify that condition 
(i) is satisfied we expand y,(r) into a Taylor series near the origin. 
We then find that as r > ©, 


v(0) ~ ple) + wal0) {2 —= | ada} + 06-4 


showing that y(r) ~ y(r) as r—> 0. To prove that condition (11) 
is satisfied we note that 


5 a *r\ a 
(2) = (F2),_.— [eve (G)+S 0 ered vo] 
42 72 
an E vo (“ <r) +5 (r+ grad vo)] da 


= (2) = volt) — = grad ys) 


- th3 di Ss " (=) | 


_ at _: Bde 
. (= - -( grad Yo) 
= Q 
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The results obtained by means of Kelvin’s inversion theorem may be 
given a quasi-physical interpretation through the language of the 
method of images well known in the elementary theory of electrostatics. 
The “image system’”’ of the problem whose solution is given by equation 
(5) is the distribution of electric charge which leads to a potential 


a (= 7 
r Yo ye 


PROBLEMS 


1. A grounded conducting sphere of radius a is placed at the origin in an electric 
field whose electrostatic potential in the undisturbed state is V,(x,y,z), a 
homogeneous function of degree n in x, y, z. Show that the electrostatic 
potential is now given by the equation 


gent 
y= ( ee rT) Vi»(x,y,Z) 


Hence determine the electrostatic potential of the field surrounding a 
grounded conducting sphere placed in a uniform electric field of strength E. 


2. A point charge g is placed at a point with position vector f outside a grounded 
conducting sphere of radius a. Find the electrostatic potential of the field, 
and show that the image system consists of a charge —ga/f situated at the 
inverse point a°f/f?. 


3. Ifthe velocity potential of the undisturbed flow of a perfect fluid V,,(x,y,z) is a 
homogeneous function of x, y, z of degree n, show that the velocity potential of 
the disturbed flow due to the insertion of a sphere of radius a at the origin is 


n qentri 
y= f -F re V(X,y»Z) 


Deduce the velocity potential corresponding to the flow of a perfect fluid 
round a sphere placed in a uniform stream. 


4. A sphere of radius a@ is placed at the origin in the fluid flow produced by a 
point source of strength m situated at the point with position vector f (f > a). 
Determine the velocity potential and show that the image system consists of a 
source ma/f at the point f’ = a*f/f* and a uniform sink of line density m/a 
extending from the origin to the point f’. 


8. The Theory of Green’s Function for Laplace’s Equation 


We return now to the consideration of the interior Dirichlet problem 
formulated in Sec. 4. Suppose, in the first instance, that the values of 
p and dy/dn are known at every point of the boundary S of a finite 
region V and that V?y = 0 within V. We can then determine y by a 
simple application of Green’s theorem in the form (Lass, /oc. cit.) 


, Op *) 
2 an C2 =_— — anf 2 
[ vy — vv a=] (pe —-w2)as w 


where 2 denotes the boundary of the region 2. 
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If we are interested in determining the solution y(r) of our problem 
at a point P with position vector r, then we surround P by a sphere C 
which has its center at P and has radius « (cf. Fig. 23) and take & to be 
the region which is exterior to C and interior to S$. Putting 


] 
ae 
and noting that 
Vp = Vw = 0 


within 2, we see that 


{ v(r" < oF 
~ my 7 as 
+ LM a ea 


1 | —_ 
where the normals n are in the 


directions shown in Fig. 23. Now, 
on the surface of the sphere C, 


I I Ce | ! 
a 


dS’ = e* sin 6 d0 dé 


Figure 23 


and y(t’) = y) +e sin 6 cos sv + sin 6 sin sy + cos 9 =| 


Oz 
Op (=) 
on \an Pa Ol) 
so that | (ry 2 aS" = 4ryp(r) + Ofe) 
| a” on |r’ — x ae . 


Oy 


I 
hep — r| on Or Star) 


Substituting these results into equation (2) and letting « tend to zero, 
we find that 


and 


1 1 ay(r’) . O ] \ er 
v0) = 7 AFP eg pee] 4s (3) 


so that the value of y at an interior point of the region V can be deter- 
mined in terms of the values of y and ¢dy/dn on the boundary S. 
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A similar result holds in the case of the exterior Dirichlet problem. 
In th's case we take the region 2 occurring in equation (1) to be the 
region bounded by S, a small sphere C surrounding P, and 2’ a sphere 
with center the origin and large radius R (cf. Fig. 24). Taking the 
directions of the normals to be as indicated in Fig. 24 and proceeding 
as above, we find, in this instance, that 


l= evr’) Ce | 


Any(r) + O(e) + | =a a — ye’) = <I ds’ 


1 dw a a 
+ | Re T Re i 

Letting « > 0 and R — oo, we see that the solution (3) is valid in the 
case of the exterior Dirichlet prob- 
lem provided that Ry and R* 
Ow/dn remain finite as R > o. 
This explains the remark made in 
sec. 4. 

Equation (3) would seem at first 
sight to indicate that to obtain a 
solution of Dirichlet’s problem we 
need to know not only the value 
of the function y but also the 
value of dw/én. That this is not 
in fact so can be shown by the 
introduction of the concept of a 


Green’s function. We define a Figure 24 

Green’s function G(r,r’) by the 

equation J 

1 G(r’) = Heer’) + (4) 


where the function H(r,r‘) satisfies the relations 


0? Ch 0? 
(aca + a + gga) Hor) =0 si 
and A(r,r’) + cel = 0 on S$ (6) 
Then since, just as in the derivation of equation (3), we can show that 
J | | Oy(r’) an 
{ ee es / — / ee Koes / 
yr) — Ado Js G(r,r ) On wr ) on aS (7) 


it follows that if we have found a function G(r,r’) satisfying equations 
(4), (5), and (6), then the solution of the Dirichlet problem is given by 
the relation 


“cle y 
ve) = — 2 | ye) PE as: (8) 
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The.solution of the Dirichlet problem is thus reduced to the deter- 
mination of the Green’s function G(r,r’). 

It is readily shown (Prob. 1 below) that the Green’s function G(r,r’) 
has the property of symmetry 


G(r,,0 2) en G(rg,¥3) (9) 


1e., if P, and P, are two points within a finite region bounded by a 

surface S, then the value at P, of the Green’s function for the point P, 

and the surface S is equal to the value at P, of the Green’s function for 
the point P, and the surface S. 

The physical interpretation of 

the Green’s function is obvious. 

TT (p) If S is a grounded electrical 

conductor and if a unit charge 1s 

situated at the point with radius 

vector r, then 


ne, 
o, G(r’) = r —r’ + A(r,r’) 


is the value at the point r’ of the 

potential due to the charge at r and 

Q(r') the induced charge on S. The 
first term on the right of this equa- 

tion is the potential of the unit 

charge, «nd the second is the 

* potential of the induced charge. 
Figure 25 By the definition of A(r,r’) the total 

potential G(r,r’) vanishes on S. 

We shall conclude this section by deriving the Green’s function 
appropriate to two important cases of Dirichlet’s problem. 

(a) Dirichlet’s Problem for a Semi-infinite Space. If we take the 
semi-infinite space to be x > 0, then we have to determine a function » 
such that Vp = Oinx >0, vy = f(y,z) on x = 0, and y>Oasr— oo. 
The corresponding conditions on the Green’s function G(r,r’) are that 
equations (4) and (5) should be satisfied and that G should vanish on 
the plane x = 0. 

Suppose that IT, with position vector pe, is the image in the plane 
x = 0 of the point P with position vector r (cf. Fig. 25). If we take 


P(r) 


H(,r’) = — a (10) 


then it is obvious that equation (5) is satisfied. Since PO = IIQ 
whenever Q lies on x = 0, it follows that equation (6) is also satisfied. 
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The required Green’s function is — ore- given by the equation 


1 
11 
Gtr) = =a Tp —1] (11) 
where, if r = (x,y,z), @ = (—x,y,zZ). 
The solution of the Dirichlet problem follows immediately from 
equation (8). Since 
OGirr’) ! 
an ax! Vx — xP + (Cy — y+ — 2) 


1 
JETLO LTE 
it follows that on the plane x’ = 0 
OG(r,r’) d's 
on P+ (y —y P+ — 2’? 
Substituting this result and y(r’) = f(y’,z’) into equation (8), we find 
that the solution of this Dirichlet problem is given by the formula 


_x f* (* S(yY,2') dy’ dz’ 

Wz) = 5, [. i Rty—yPtenzype 

(b) Dirichlet’s Problem for a Sphere. We shall consider the interior 

Dirichlet problem for a sphere, i.e., the determination of a function 
p(r,0,¢) satisfying the conditions 

Vy~=O0 r<a (13) 

p = f (0,9) onr=a (14) 

The corresponding conditions on the Green’s function G(r,r’) are that 

equations (4) and (5) should be satisfied and that G should vanish on 

the surface of the sphere r = a. 
Suppose that II, with position vector pe, is the inverse point with 


respect to the sphere r = a of the point P with position vector r (cf. 
Fig. 26). Then if we take 


(15) 


it is obvious that equation (5) is satisfied, and it is a well-known 
proposition of elementary geometry that if Q lies on the surface of the 
sphere, PQ =(7/@) IIQ, so that equation (6)is also satisfied. The Green’s 
function appropriate to this problem Is therefore given by the equation 


alr 


(16) 
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0G l ( OR Yr | 
ial a RS ae a or 
, f ; a‘ f 2a” f 
where R? = 7? + r’? — 2rr’ cos ©, R®=3 + r* —— 1’ cos © 
(17) 
and cos © = cos 6 cos 0’ + sin 6 sin 6’ cos (4 — ¢’) (18) 
OG r(@—r’*) 
Thus oe = — —72R? 
and when r’ = a, 
iG 0G q— (19) 
on Or’ sar?» + a — 2ar cos ©)?” 


Hence if p = f(0,¢) on r = a, it follows from equations (8) and (19) 


(a7/r,6,D) 


Figure 26 


that the solution of the interior Dirichlet problem for a sphere is given 
by the equation 
_ ala? — r*) { a, f (8’,¢') sin 0° dé’ 
Wr,8,9) = Ac 0 r 0 (a® + r? — 2ar cos ©)F” 
where cos © is defined by equation (18). 
Making use of the result of Prob. 4 of Sec. 4, we see that the solution 
of the corresponding exterior Dirichlet problem is 
_ alr® — a?) { is | 7 — £(0',¢’) sin 6’ dé’ 
(18,6) = Ar do sid 0 (a2 + r? — 2ar cos ©)” (21) 
The integral on the right-hand side of the solution (20) of the interior 
Dirichlet problem is called Poisson’s integral. It is interesting to note 
that Poisson’s solution of this problem can also be obtained by means 


of the method of separation of variables outlined in Sec. 5. The 
function 


(20) 


y(r,0,d) = S (5) ; pice cosm@ + B,,. sin mp)P™(cos | (22) 


a= (117 
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is a solution of Laplace’s equation which is finite at the origin. If 
this function is to provide a solution of our interior Dirichlet problem, 
then the constants A,,,, Bm, must be chosen so that 


FO) = FS (Amn cos md + Bra sin mg)P7(cos 6) 


It is known from the theory of Legendre functions that we must then 
take 


i u \" | “f 0,9’) P,(cos 6’) sin 6’ db’ de 

Ann = ie a val [ f(6',6’)P™(cos 6’) sin 6’ cos (m¢’) dO’ dd’ 
2n+1)(n —m)! (7 [? SO 

Bun = \ — aaa [" i} Tt (0',¢')Pr(cos 8’) sin 8’ sin (m¢") dO" d¢ 


Substituting these expressions into equation (22) and interchanging the 
orders of summation and integration, we find that 


v(1.0.6) =z- |" |" £O'#)g sin 6" do" de (23) 


where 


g= xe + ]) 5)" |P,(c0s 0)P.,(cos 6") 


19 > ise sy a P™ (cos 6) P™(cos 0’) cos m(¢ — & | 


Mm = 


From the well-known relations 
1 —h 
(i —2heos © DP p3 (Qn + 1)h"P,(cos ®) 


P,(cos ©) = P,(cos 0)P,(cos 6’) + 2 >¢ ioe eae P*(cos 8) 


<x P™(cos 6’) cos m(¢ -— ¢’) 
where © is defined by equation (18), we see that 
Z a(a* — r*) 
5 ~ (a — 2ar cos 9 + Py? 


Substituting from equation (24) into equation (23), we obtain Poisson’s 
solution (21). 


(24) 
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PROBLEMS 


1. Suppose that P, and P, are two points with position vectors r, and fro, 
respectively, which lie in the interior of a finite region V bounded by a surface 
S. By applying Green’s theorem in the form (1) to the region bounded by S' 
and two spheres of small radii surrounding P, and P, and taking p(t’) = 
G(r,,0'), vy’) = Glr.,r’), prove that 

G(T,,K2) ae G(¥2,11) 

2. If the function y(x,y,z) is harmonic in the half space x > 0, and if on x = 0, 
y = 1 inside a closed curve C and y = 0 outside C, prove that 2ry(x,y,z) is 
equal to the solid angle subtended by C at the point with coordinates (x,y,z). 


3. If y(x,y,z) is such that V*y = 0 for x > 0, yp = f(y) on x = 0, and y > 0 as 
r — 0, prove that 


_* [f° food’ 
VA%y,2) on {- x + (y— y’? 
4. The function y(r) is harmonic within a sphere S and is continuous on the 


boundary. Prove that the value of y at the center of the sphere is equal to the 
arithmetic mean of its values on the surface of the sphere. 


5. Use Green’s theorem to show that, in a usual notation, if at all points of space 
V"*¢ = —4rp 
where p is a function of position, and if ¢ and r grad ¢ tend to zero at infinity, 


then 
dV 
r 


9. The Relation of Dirichlet’s Problem to the Calculus of 
Variations 


The interior Dirichlet problem is closely related to a problem in the 
calculus of variations. It is a well-known result in the calculus of 
variations’ that the function (x,y,z), which makes the volume integral 


[, F(X,Y,2,Y,Vas'PysPx) OT (1) 


an extremum with respect to twice-differentiable functions which 
assume prescribed values at all points of the boundary surface S of V, 
must satisfy the Euler-Lagrange differential equation 


oF 8 =) @ ba @ ha 
5 OB + 3y \oe! * de \oy, 2) 


It follows from this result that the function, among all the functions 
which have continuous second derivatives in V and on S and take on 
the prescribed values f on S, which makes the integral 


Hy) = | (grad y)? ae (3) 


1R., Weinstock, “Calculus of Variations’ (McGraw-Hill, New York, 1952), 
pp. 132-135. 
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an extremum is the solution of the Dirichlet problem 
V?y = 0 within V, yp=fons (4) 


The Dirichlet variational problem, that of minimizing the integral (3) 
subject to the conditions stated, and the interior Dirichlet problem 
are therefore equivalent problems. If a solution exists, then they have 
the same solution. 

Since I is always positive, the integrals J(y) formed for admissible 
functions »y are a set of positive numbers which has a lower bound, from 
which Riemann deduced the existence of a function making the integral 
a minimum.’ It was pointed out by Weierstrass that Riemann’s 
argument was unsound, and he gave an example for which no solution 
existed, but Hilbert showed later that provided certain limiting con- 
ditions on S and on f are satisfied, Dirichlet’s variational problem 
always possesses a solution. The value of the method lies in the fact 
that in certain cases “direct methods,”’ 1.e., methods which do not 
reduce the variational problem to one in differential equations, may 
produce a solution of the variational problem more easily than the 
classical methods could produce a solution of the interior Dirichlet 
problem. The variational method is also of great value in providing 
approximate solutions, especially in certain physical problems in which 
the minimum value of J is the object of most interest; e.g., in electro- 
static problems, J is closely related to the capacity of the system. 


10. ‘‘Mixed’’ Boundary Value Problems 


In the problems of Dirichlet, Neumann, and Churchill the function 
y or its normal derivative dw/dn or a linear combination of them is 
prescribed over the entire surface S bounding the region V in which 
V7y =0. In “mixed” boundary value problems conditions of 
different types are satisfied at various regions of S. A typical problem 
of this kind is illustrated in Fig. 27. In this problem we have to deter- 
mine a function » which satisfies 


(i) V7y=0 within V 
(11) yp=f ons, 

sae Ow 

(111) an on S, 


where S, + S, = S, the boundary of V, and the functions fand ¢ are 
prescribed. 

As an example of a boundary value problem of this type consider the 
classical problem of an electrified disk.? If, in polar coordinates 


* This is known as Dirichlet’s principle. 
2G. Green, “Mathematical Papers” (Cambridge, London, 1871), p. 172. 
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(p,4,z), w(p,¢,z) is the potential due to a perfectly conducting uniform 
thin circular disk of unit radius which 1s kept at a prescribed potential, 
then the boundary value problem to be solved is 


yp lop yp 1 ap — 


Opt pop | at | phagi a 
y = 2(p,9) onz=0,0<p<l (2) 
oP onz=0,p>1 (3) 


In equation (2) the function g(p) is prescribed. This equation expresses 
the fact that the potential is prescribed on the surface of the disk, while 
the equation (3) is equivalent to assuming that there is no surface 
density of charge outside the disk. The problem is to determine y or, 
more usually, to find the surface of the disk. It is also assumed 
that y > O as Vr? +2? > oc. 
Suppose that 


£(p,e) = G(p) cos n(p — 2) (4) 


Then we may write y = ¥’(p,z) cos 
n(d — £), where 


yr loYyr # Chae 


OF pop aa” 
(5) 
and 
Y=G(p) onz=0,0<p<l 
(6) 
Figure 27 oF — on z = QO, p> | (7) 


The form (4) is more general than it appears, since it is possible to 


derive a solution for functions of type g(p,¢) by a Fourier superposition 
of functions of type (4). 


To derive a solution of equation (5) we note that 
e~"l J, (pt) 


is a solution of the equation. By the superposition principle it follows 
that 


¥(o.2) = | ° fe, (08 a (8) 


is also a solution for any arbitrary f(¢) such that the integral on the 
right exists. Substituting from equation (8) into equations (6) and (7), 
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we see that the function f(r) is determined by the pair of dual integral 
equations 


[° f@s(08 dt = Ge) 0 <p <1 (9) 


[° voscoa=0 p>! (10) 


Using the fact that 


ae) 4s (ae) gt 

(= - a rm 47ro = 0 

we see that the total surface density o on the two faces of the disk is 
s(p) cos n(@ — £), where 


e) = 5 | Odo) at (11) 


A general solution of the dual integral equations (9) and (10) has been 
given by Titchmarsh.' It is found that 


fo = a As, (0 ee 


tL uet! du 


=F Pa ar { G(yu)(ty) J, +4(y) ay| (12) 


Substituting from equation (12) into equation (11), we then get the 
expression for s(p). 

Solutions of the dual integral equations (9) and (10) in various special 
cases had been given prior to Titchmarsh’s analysis by Weber |n = 0, 
G(p) constant], Gallop [xn = 0, G(p) = J,(cp)], Basset [n = 1, G(p) 
= J,(cp)|, MacDonald [n arbitrary, G(p) = J,(cp)], and King [n integral, 
G(p) arbitrary]. In all the cases considered the analysis was difficult 
and long, but the surprising thing was that the final results were simple. 
This suggested to Copson? that we might give a simpler derivation of 
the solution by starting with a more suitable form of potential function. 
Copson took, instead of the form (8), the form 

1 f2r a <r , 
_ { | o(p'.P )p’ db’ dp (13) 
0 JO r 


where r is the distance of a general point (p,¢,z) from a point (p’,¢’,0) 
on the disk. To give the correct boundary conditions on z = 0 we 


1 E. C. Titchmarsh, “Introduction to the Theory of Fourier Integrals’? (Oxford, 
New York, 1937), p. 334. The form of solution given here is due to I. W. Busbridge, 
Proc. London Math. Soc., 44, 115 (1938). 

“FE. T. Copson, Proc. Edinburgh Math. Soc., (iii) 8, 14 (1947). 
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must have o(p’,¢’) = s(p’) cos n(¢’ — €), where s(p’) 1s chosen so that 


1 a 2a COS nd’ —= é) dp’ 
d ne eS OP eee 
J, ste ')P' ap \ p? + p* — 2pp’ cos (¢’ — ¢) 


= G(p) cos n(p —£) (14) 
when 0 < p < 1. 


Now it is readily shown (cf. Prob. 1 below) that the inner integral has 
the value 


4 cos n(¢ — «) | a t?” dt 
(ep')” V(p? — 2)\(p? — £°) 


so that equation (14) becomes 
4 t?” dt 

=| [, sto’ e2-* du |” ee 

p" (p* — t*)(p* — f°) 

t?” at 


= G 
Freer ret 2 — Pp aS ” 


Inverting the order of integration, we find that 


Pt dt [* s(p')p'** dp’ 
*G(p) = | ———_——_— | ——___ O<p<l (15) 
ze"G(p) = | = a rp p 


+ [ s(eXe dp’ 


To solve equation (15) we let 


t s(p")p"* dp’ 
S(p) = i} eit fines 16 
and obtain 
P — (? PSC) dt 
gp"G(p) = Veep O<p<l (17) 


If G(), G'(p) are continuous, it follows by a trivial transformation of 
the well-known solution of Abel’s integral equation! (cf. Prob. 2 below) 
that 

lL d f° ¢t*+tG(t) dt 


S(e) = np dp Jo ap (18) 


Jt only remains to derive the expression for s(p) from this expression 
for S(p). [f S(p) and its first derivative are continuous in any closed 


interval [7,1] for any positive value of 7 < 1, then, by an application 
of the solution of Abel’s integral equation (cf. Prob. 3 below), we have 


= : _tS(t) dt 


l 19 
i me O<p< (19) 


s(p) = — = pt — pe 


which solves the problem. 


1M. Bocher, “An Introduction to the Study of Integral Equations’’ (Cambridge, 
London, 1929), p. 8. 
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Hence we have: 

Copson’s Theorem. Jf the potential on the surface of the circular disk 
z= 0,0 < p< 1 is G(p) cos n(¢ — €), where « is a constant, n is zero 
or a positive integer, and-G(p) is continuously differentiable inO0 < p <1, 
then if S(p), defined by (18), is continuously differentiable in [n,1] for 
any positive » <1, the surface density of electric charge on the surface 
of the disk is s(p) cos n(@ — e), where s(p) is defined by equation (19). 


Example 8. Find the surface density of charge on a disk raised to unit potential 
with no external field. 

Here n = 0, and G(p) = 1. 

(a) Dual Integral Equation Method. From equation (12) we find that 


2 sin t 


LOT 
so that, by equation (11), 


s(p) = Ld { sin t J,(pt) dt 
7 J0 


From the known value of this integral’ we see that 


J 
S(p) _— VI — p 
(b) Copson’s Method. From equation (18) we have 


. 1d fe tat i 
0) = — a , Vo —t — 2 a 


so that, from equation (19), we obtain the solution 


; 1dfi td | 1 
=~ Fede), VE eB VI eR 


Mixed boundary value problems occur in the theory of elasticity in 
connection with “punching” and “crack” problems. For a discussion 
of these problems the reader is réferred to I. N. Sneddon, “Fourier 
Transforms” (McGraw-Hill, New York, 1951), Secs. 47, 48, 52, 54, 55, 
where the dual integral equation approach is used, and to N. I. 
Muskhelishvih, “‘Singular Integral Equations’ (Noordhoff, Groningen, 
1953), Chap. 13, where an approach rather similar to Copson’s method 
is used. 


PROBLEMS 
1. If is zero or a positive integer and if both a and 5 are positive, prove that 


[" eind dd 4 min(a,d) yen dy 
0 Vai +b? —2abcosd ab)” | Via® — 22)\(6% — 7”) 


where both square roots are taken to be positive. 


1 Watson, ‘“‘A Treatise on the Theory of Bessel Functions,” p. 405. 
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2. If f(x) and f (x) are continuous in the closed interval [0,@], show that the 
solution! of the integral equation 


|" g(t) dt 
[O) = | 7a B 0O<x <a 


t tft) dt 
sheets. | sae 


a ax Jo x* — ft? 


3. If f(x) and f(x) are continuous inc < x < a, prove that the solution! of the 
integral equation 
@ g(t) at 


f@) = _VPa Se c<x<a@ 


~) = 24 7 of) dt 
ou dx Jn VE 


4. A disk of unit radius is grounded in a uniform external field of strength E 
parallel to its surface. Prove that the surface density of electric charge is 
given by the equation | 

2Ep COs ¢ 


(pe) = a 
pP 72 Vi — p 
5. Show that in Gallop’s case n = 0, G(p) = Jo(cp) the problem of the electrified 
disk has a solution of the form 


t cos €cr) 


== pen 


Cc J 
o(p) = 5~ To(cp) as 3 


l!. The Two-dimensional Laplace Equation 


In some problems of potential theory the physical conditions are 
identical in all planes parallel to a given plane, say the plane z = 0. 
In that case the potential function y does not depend on z, so that 
Op/dz and 0*y/déz* vanish identically, and Laplace’s equation reduces to 
the form 


Oy day 
ont + oye (1) 
If we introduce the operator 
._ 7 
132 + ay (2) 


1 In the solution of Probs. 2 and 3 use is made of the fact that the solution of 
Abel’s integral equation 


_ f? ué dé 
{@) = @- 0<A<1 
iS 
_ sin (7A) ad 7 f@ dt 
a a) (x — pe 


Cf. Bocher, op. cit., p. 8. 
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we may write this equation simply as 
Viy = 0 (3) 


We shall refer to equation (3) as the two-dimensional Laplace equation. 

The theory of the two-dimensional Laplace equation is of particular 
interest because of its connection with the theory of functions of a 
complex variable. We shall give a brief account of this relationship 
in the next section. In the remainder of this section we shall indicate 
how methods similar to those employed in the case of the three-dimen- 
sional equation yield information about the solutions of equation (3). 

It is a well-known result of elementary calculus! that if P(x,y) and 


O(x,y) are functions defined inside and on the boundary C of the closed 
area K, then 


00 =) =| 
If, in this result, we substitute 
_ Oy _ oy 
P = 7. oy > O — ox 


and make use of the fact that 
oy oy, Oy 
i dak alae 


where 0y/dn denotes the derivative of y in the direction of the outward 
normal to C, we find that 


| wiv 7 if ds (5) 


Hence if the function (x,y) is harmonic within a region K and js 
continuous with its first derivatives on the boundary C, then 


Op 
|, seas =0 (6) 


This result is sometimes known as the theorem of the vanishing flux. 

It is immediately obvious from equation (5) that the converse of this 
theorem is also true; i.e., if y(x,y) 1s a function which is continuous 
together with its partial derivatives of the first and second orders 
throughout the interior of K and if 


Oy 
| as =0 


where C’ is the boundary of any arbitrary region K’ contained in K, then 
yw is harmonic in K. 


*R. P. Gillespie, “Integration’’ (Oliver & Boyd, Edinburgh, 1939), p. 54. 
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‘Similarly it follows from equation (5) that if Viy = —4p throughout 
K, then 


{ 7 ds = —4nr [ -p(x,y) dS (7) 


Laplace’s equation in two dimensions when written in plane polar 
coordinates r, 9 assumes the form 


1 d *) L Oy 
i —_—_ —_—— —— 
es deal (> ar} * 2 ope — 9 


so that if w 1s a function of r alone, 


d 2) = 
dr S() dr ' 


from which it readily follows that 
w=Alogr+B 


where A and B are constants. If we write 
I 
y = 2¢ log : (8) 


with ga constant, then Vjy = 0 except possibly at the origin, where y is 
not defined. This solution has the property that if C is any circle with 
center at the origin, the flux of y through that circle is —47q. It 
therefore corresponds to a uniform line density g along the z axis which 
appears as a point singularity in the two-dimensional theory. 

In a manner similar to that employed in the three-dimensional case 
(Sec. 2) we could construct potential functions of the type 


we) = |, 900) log = a ) 


where r = (x,y), etc. Because of this form of y a two-dimensional 
potential function is referred to as a logarithmic potential. It is 
readily shown that if C has a continuously turning tangent and if 
q(x’,y’) is bounded and integrable, y({x,y), defined by (9), is continuous 
for all finite points of the plane including passage through the curve C. 
If g(x’,y’) is continuous on C, which itself has continuous curvature, 
then, in the notation of Fig. 28, 


ee SP) = —2ng( a) (10) 


Ee +l =2| g(r’) ) |= a = <7, ds’ (11) 
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Similarly the potential of a doublet distribution on a line C is given 
by an expression of the form 


0 1 
y= [, Mr) > ~ log 7 ror ds 
cof AIR spoiry 
C p 
If the tangent to the curve C turns continuously and if 4 is continuous 
on C, then 
Y2— Y= 20H(A), Ye + Y= 2y(A) (12) 


We shall now make use of these results to show how the interior 
Dirichlet problem , 
V2y = 0 within V, p=foncC (13) Wr 


may be reduced to a problem in the theory 
of integral equations. If we assume that | 


vbosy) = | ule’) SP ay 


where the function » is unknown, then it 
follows from equations (12) that 
vy, = yA) — wH(A) C 
so that from equation (13) Figure 28 


£9) = | ator) [EO] sr — nats 


Es) (Ss) ath a fe me) K(s,5') 


then the problem — to that of solving the nonhomogeneous integral 
equation of the second kind 


us) + g(s) = | wls' Kiss’) ds 


for the unknown function yz. 

For a full discussion of the applications of the theory of integral 
equations to Dirichlet’s problem the reader is referred to Chap. 7 of 
Muskhelishvili’s “Singular Integral Equations” cited above. 


If we write 


PROBLEMS 


1. Prove that if y is continuous within and on the circumference of a circle and is 
harmonic in the interior, then the value of y at the center is equal to the mean 
value on the boundary. 
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2. Prove that if y is harmonic inside a region S and is continuous on the boundary 
C, then y takes on its largest and its smallest value on C. Furthermore that 
if y is not a constant, then it cannot have an absolute maximum or minimum 
inside S. 


3. Show that if @, and 5, are constants, 


oe) 
7 
wr,0) = 4a) + > (“) (a, cosn? + b, sin n 8) 
a 
n=1 


is a solution of Viy = 0 in the interior of the sphere r = a. 
If y = f(0) when r = a, determine the constants and show that 


g? — 7? i" f (0) 0’ 


6) = Sere SE cS 
v(r,9) 2m a* — 2ar cos (0° — 6) + Fr’ 


4. If Viv =0 for x > Oand y = f(y) on x = 0, show by using the method of 
Fourier transforms that 


tng) = Ae [” eepe-tie—twe 
V2m J— co 
where F(€) is the Fourier transform of f(y). 


Deduce that 
xf?  fyjagy 
y(x,y) a = iZ x2 ae (y __ yy 


5. Reduce the solution of the exterior Dirichlet problem to that of an integral 
equation. 


6. By taking 


wr) = | g(s°) log ror] ds’ 
C 


1 
ir — 
show that the solution of the interior Neumann problem 
ee oy 
Vy = 0 inside S, a, fone 
reduces to that of the integral equation 


g(s) + | K(s’,s)g(s°) ds’ = g(s) 
C 


_ fs) bet: te 
where g(s) = —? K(s",5) aes - log y 


Fr? 


12. Relation of the Logarithmic Potential to the Theory of 
Functions 


There is a close connection between the theory of two-dimensional 
harmonic functions and the theory of analytic functions of a complex 
variable. The class of analytic functions of a complex variable 
z=x + iy consists of the complex functions of z which possess a 
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derivative at each point. It can be shown! that if @ and yw are the 
real and imaginary parts of an analytic function of the complex variable 
x + ly, then ¢ and wy must satisfy the Cauchy-Riemann equations 


0p _ oy op _ __ op 1) 
ax dy dy = ax ( 
Now it can be proved that the derivative of an analytic function is 


itself analytic, so that the functions @ and y will have continuous 
partial derivatives of all orders and, in particular, Schwartz’s theorem 


ah a ey dy | 0) 
ax dy dy ax ax Oy dy ax 
will hold. Combining the results (1) and (2), we then find that 
Vid = Viy = 0 (3) 


1.e., the real and imaginary parts of an analytic function are harmonic 
functions. The functions ¢, py so defined are called conjugate functions. 
The converse result is also true: Jf the harmonic functions ¢ and p 
satisfy the Cauchy-Riemann equations, then ¢ + iy is an analytic function 
of Z= x+y. 
If either d(x,y) or y(x,y) is given, it is possible to determine the 
analytic function w = ¢ + iy, for, by equations (1), 


Oy | 
a + IE = bly) — iby) 
where $, = 0¢/0x, ¢, = O¢/ey. Putting y = 0, we have the identity 
d 
—- = $1(2,0) — ia(z,0) (4) 


from which w may be derived by a simple integration. If p is given, 
then, in a similar notation, 


dw 


z= p2(Z,0) + tp,(z,0) (S) 
Z 
Example 9. Prove that the function 
x 
ext ayy 


is a harmonic function, and find the corresponding analytic function ¢ + ty. 
For this function 


ad x* — y* Od 2xy 


ae Ey 
ana a further pair of differentiations shows that Vié = 0. Putting y = 0, x = zin 


1 See, for instance, L. V. Ahlfors, “Complex Analysis” (McGraw-Hill, New York, 
1953), pp. 38-40. 
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these equations, we find that ¢,(z,0) = 1 — 27%, ¢.(z,0) = 0, so that 


dz z” 
from which it follows that 
w=2z2+ ; 
Zz 


The conjugate function y is therefore given by the equation 


y- ary 


In the notation of vector analysis the Cauchy-Riemann equations (1) 


can be written in the form 


grad ¢ = (grad y) x k 


(6) 


where k = (0,0,1) is the unit vector in the z direction, from which 
we conclude that the sets of curves 


it S 


¢@ = constant and yw = constant inter- 


sect orthogonally. Also if s is a unit 
vector in any direction and nis a unit 


the general results 


Figure 29 @ = wy wid = 


és On on 


vector perpendicular to s measured anti- 
clockwise from s (cf. Fig. 29), we get 


(7) 


We consider now the application of these results to the motion of an 
incompressible fluid in two dimensions. If (u,v) denote the components 
of velocity at a point (x,y) in the fluid, then if the fluid is incompressible, 


Ou av 

ax By 0 
and 

a du, 

Ox Oy 


(8) 


(9) 


where ¢ denotes the vorticity. If, therefore, a fluid is incompressible, 
it follows from equation (8) that there exists a function » such that 


oy op 
==>) v=: -_ 
oy Ox 
and, from equation (9), 
C= Viv 
If, in addition, the motion 1s irrotational, then 
Viv = 0 


(10) 


(11) 


(12) 
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On the other hand if the fluid is incompressible, 


dv au 
ax By 
so that there exists a function ¢ such that 
_ _ oh __ op 
° ox. oy 
and 
du dv _, 
Ox a ay —Vi¢ 


If, in addition, the fluid is incompressible, then 
Vid = 0 
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(13) 


(14) 


Hence for the irrotational motion of an incompressible fluid both y and 
o exist and satisfy Laplace’s equation. The function y is called the 
stream function and ¢ the velocity potential. From the equations (10) 


and (11) we have immediately that 
Op _ oy op oy 


dx ay’ oy Ox 
so that the Cauchy-Riemann conditions are satisfied and 
w=¢+ ip 


is an analytic function of the complex variable z = x + iy. 


function w is called the complex potential of the motion. Since 


dw 28 Op 
dz 0x Ox 
it follows that 
dw 
—- —Uu + 1D 


showing that 


dW) seo 
e|— vi + UD = qd 


is the magnitude of the resultant velocity at a point in the fluid. 
The stream function y is constant along a streamline. 


(15) 
The 


(16) 


(17) 


If the motion is steady, the pressure p at a point in the fluid may 
be derived from Bernoulli’s theorem which states that along a streamline 


ctigt+V 


is a constant whose value depends on the particular streamline chosen; 


V denotes the potential energy in the field. 
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It is sometimes convenient to use relations of the kind 


z= f(w) 
instead of w = f(z). It is readily shown that 


I 


= 
yD 
——s 


q 
Example 10. Show that the relation 


dz 


- (18) 


2 
w= -u(z +2} 
Z 


gives the motion of a fluid round a cylinder of radius a with its origin fixed at the 
origin in a stream whose velocity in the direction Ox is U. 


Separating the complex function 


p tip U(x tit 


a(x — ») 
x* + y@ 


into its real and imaginary parts we find that 


a” a* 
po ux +t | y= ~19| ee +y 
The components of velocity are therefore given by the equations 


2l1a —. ve 2 
un u(1 + 20-2), o= —2U ey 


(x? ae y’)? 


It follows therefore that y = 0 on the circle with equation x? + y? = a* and that at 
a great distance from the origin uw = U, v =0. The given complex potential 


therefore satisfies the stated conditions. 


D =Q p=c 
Figure 30 


Two-dimensional problems in 
electrostatics can be tackled in a 
similar way. In this case ¢ denotes 
the electrostatic potential, so that 
the lines in the xy plane with equa- 
tions ¢ = constants are the equipo- 
tential surfaces. The lines y = con- 
stant cut these lines orthogonally, 
and so they must correspond to the 
lines of force. A potential function 
¢ derived in this way could solve the 
problem of the distribution of electric 
force in a condenser formed by two 
conductors, one of which has equa- 
tion ¢ = 0, and the other of which 
has equation ¢ = c. The charge 


distribution in such a problem can be calculated easily. If o is the 


charge density at a point, then 


eel Cee eee 
ale 


4r On 4rds 
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by the second of equations (7). Hence the total charge between A and 
B per unit length perpendicular to the xy plane is 


- I 
qg=| ods=2 Ws —va) (19) 


A 


a result which is of great use in the calculation of capacities. 

For instance, if the normal sections of two infinite conducting 
cylinders are given by the closed curves ¢ = c, and ¢ = Cp», where 
d + iy = f(x + iy), then the capacity per unit length of the cylinders is 


1 
4n(c, — Cc 59 i — 


where the integral is taken round the curve ¢ = c, in the positive sense. 


Figure 31 


Example 11. An infinite conducting cylinder C of small radius a is placed parallel 
to an infinite plane conducting sheet and at a distance c from it. Show that the 
equation 
| eal © 
Z+ec 


d+ iv = log 


(c real) gives approximately the equipotentials and lines of force if the plate is grounded 
and the cylinder is at potential —log (2c/a). 
Show that the capacity of this system per unit length is [2 log (2c/a)|* 
If 
ZC 
y dios ak © 


d+ iy = log 
then writing z — c = r,e"*1, z +c = re, we see that 
r ; 
¢ = log—: yp = (0, — 8) 
2 


Now on the plane x = 0, r; = ra, so that ¢ = 0 while on the cylinder if a<c, 
ry = 2e, and r; = a, so that 


2c 
¢ = — log = 
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As we go round C in the positive sense, 6, changes by an amount —2z, while the 
total change in 4, is zero. We therefore have 


> ap = —2n 


Substituting these results in equation (20), we get the answer stated for the capacity 
of the system. 


The main advantage of the method of conjugate functions is that 
the theory of conformal representation can sometimes be employed to 
reduce one problem to a simpler one whose solutionis known. Toshow 
how this may be effected we consider the transformation 


C= f(2) (21) 


in which the function f(z) is an analytic function of z, which maps 
the z plane on to the € plane.! Since df = f’(z) dz, it follows that 
any small element of area AA in the z plane in the neighborhood of 
the point z = a becomes an element of area | f’(a)|?AA in the neighbor- 
hood of the point ¢ = f(a) turned through an angle arg f’(a). It can 
also be shown that if two curves C,, C, in the z plane intersect at an 
angle «, then the images I’,, I’, of these curves in the ¢ plane intersect 
at the same angle, the sense of rotation as well as the magnitude of « 
being preserved. For this reason the transformation (21) is said to be a 
conformal transformation. 

The importance of conformal transformations in potential theory 
arises from the fact that if & + in = f(x + iy) is a conformal mapping 
which takes a function (x,y) into a function ®(é,7), then 


Pb a\ —_dzl? /a%¢ 8) 
(at a) ~ il (Set a — 

so that if !dz/d¢, is not infinite, and if 

Pp Ph — 

det Bi” 
it follows that 

AO FO _ 

OE On? - 


so that the function ®(&,7) is harmonic in the éy plane. Furthermore 
any curve in the xy plane along which the function (x,y) 1s constant 1s 
mapped into a curve in the é7 plane along which the function ®(€,7) is 
constant. 
If there is a charge g at the point c in the z plane, then the complex 
potential is 
w= —2q log (z — c) 


1 Ibid., pp. 69-81. 
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In the transformed problem the complex potential 
dz 
W= —2q log — 7) 


= —2qglog(¢ —y) + © 


where 2 is analytic at the point ¢= y= /f(c). In the transformed 
problem. there is an equal charge g at the point ¢ = y into which the 
point z = c is transformed. 

In any two-dimensional electrostatic problem the potential function 
for prescribed boundaries and distribution of charges in the z plane is 
equivalent to the potential function for the transformed boundaries and 


y n/ 


g 


GY ‘ UY 


z plane Figure 32 Z plane 


charges in the € plane. If the solution of the problem in the ¢ plane 
is known, then by transforming back to the z plane we can derive the 
solution of the original problem. We shall illustrate the procedure by 
means of an example. 


Example 12. Midway between the grounded conducting planes 9 = -+-7/(2n) there 
is placed at a distance a from the origin a point chargeg. Show that the lines of force 
have polar equations 

yen — g’m — 2ka™r™ sin (n0) 
where k is a parameter. 

If we make the transformation 


i — gh —_ prein® 


then the boundaries 9 = +7/(2n)go into the imaginary axis € = 0 in the ¢ plane, and 
the point P(@,0) goes into the point II(@”,0). Now the solution corresponding to a 
point charge g opposite a grounded conducting plane & = Qis readily seen to be 


W(t) = 2q log SS 
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Transforming to the original variables, we therefore have the complex potential 


17 7% 


w (2) = 2g log 5 


rm gt 


If we write z = re*®, then 


get gr ptr — Qn _ Digy” sin (n6) 


SN Ee — ee Re-29 
ze—qr per + gen _ 2any™ cos (x8) 
2a"r™ sin (n0 
where tan ® = ca Nh a 
r Te __ Q T 
Thus y = —2g©, so that the lines of force y = constant have equations of the 
form 


pen — gar — 2ka™r” sin (n6) 


where & is a parameter. 


For a complete account of the theory of conformal mappings the 
reader is referred to “Conformal Representation,” by Z. Nehari 
(McGraw-Hill, New York, 1952). In the application of the theory to 
the solution of particular problems it will be found useful to consult 
H. Kober’s “Dictionary of Conformal Representations” (Dover, 
New York, 1952). 


1. 


4.) 


PROBLEMS 


Prove that the function 
@ = sinx cosh y + 2cosx sinh y + x® — y® + 4xy 
is a harmonic function, and find the corresponding analytic function ¢ + iy. 


If the two-dimensional motion of a fluid consists of outward radial flow from a 
point such that the rate of emission per volume per unit time is 27m, we say 
that the point is a simple source of strength m. Show that the complex 
potential of such a source at a point (4,6) is given by 


w= —mlog(z — y) 
where y = a + ibd. 
Show that the relation 


w= —mlog-+—> 


gives the motion in the quadrant of a circle due to equal sources and sinks at 
the ends of its bounding radii. 


Suppose that the irrotational two-dimensional flow of incompressible inviscid 
fluid in the z plane is described by a complex potential f(z). If there are no 
rigid boundaries and if the singularities of f(z) are all at a distance greater than 
a from the origin, show that when a rigid circular cylinder z = a is introduced 
into the field of flow, the complex potential becomes 


gq 
w=fa2tf (=) 


1 This is Milne-Thomson’s circle theorem. See L. M. Milne-Thomson, Prec. 
Cambridge Phil. Soc., 36 (1940). 
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5. Prove Blasius’ theorem that if, in a steady two-dimensional irrotational 
motion given by the complex potential w = f(z), the hydrodynamical pressures 
on the contour of a fixed cylinder are represented by a force (X,Y) and a 
couple N about the origin, then 


X —iY =! = a 
—j = 2p] a) 4 
‘ dw \ 2 
and lia il a =m dz 


where the integrations are round any contour which surrounds the cylinder. 
6. Show that the transformation 
z= ai(kw +1 — e*”) 
determines the potential and stream functions for a conductor at potential 
¢ = Q, of which the boundary is _— by the freedom equations 
x = a(@é — sin 8), = a(l — cos @) 

Show that at points where y is as and negative the field is uniform and of 

strength (ak)~+. 


7. The motion of a sheet of liquid in the infinite strip of the z plane between the 
lines y = O and y =a is due to a unit source and a unit sink at the points 
(0,a/3) and (0,2a/3), respectively. Prove that the motion of the liquid can be 
determined by the transformation 


2(cosh rz/a) — 1 
2(cosh 7z/a) + 1 


and find the pressure at any point on the x axis. 


w = log 


13. Green’s Function for the Two-dimensional Equation 


The theory of the Green’s function for the two-dimensional Laplace 
equation may be developed along lines similar to those of Sec. 8. If 
we put 


in equation (4) of Sec. 11, we find that 


/ 


Oy oy dy dy | Ow" 
Zniat ian Se nae ees — are 
I et \, t ta ae 


If we interchange py and y’ and subtract the two equations, we find that 


[ wiv —vvwas=|(vt—-y2)as @ 


Suppose that P with coordinates (x,y) is a point in the interior of the 
region Sin which the function y is assumed to be harmonic. Draw a 
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circle. I’ with center P and small radius « (cf. Fig. 33), and apply the 
result (2) to the region K bounded by the curves C and I with 


I 
y = Br] 7] 


Since both w and y’ are harmonic, it follows that if s is measured in the 
directions shown in Fig. 33, 


! y)’ y I I | a 
(. ' |) ive V5 OSE —r" a) il =0 @) 
Proceeding as in the three-dimensional case, we can show that 


l 
| v2 = log “yes ad = 2ry(x,y) + Ofe) 


C 
Uy and that 
oy 
[ log —— = =F] an — ds'| < —2nMe loge 
g where M is an upper bound of Oy/er. 
Inserting these results mto equation 
WY (3), we find that 
Vi I | ’ 1 dy(x’,y’) 
VY) =5~ |, log 5 a 


r—r 


Figure 33 nia ae 55 8 a I "| ds’ (4) 


analogous to equation (3) of Sec. 8. 
If we now introduce a Green’s function G(x,y;x’,y’), defined by the 
equations 


ia L 
G(x, y3x',y') = wy3xy') + log r—r (5) 
where the function w(x,y;x’,y’) satisfies the relations 
0 0° 
(so + Gea) Monsey”) = 0 (6 
w(xy3x',y') = log |r —r'| on C (7) 


then just as in the three-dimensional case the solution of the Dirichlet 
problem 


Viy = OwithinS, y=/f(x,y) onc (8) 
is given by the expression 
l xp) FIX) a 
POLY) = — 5 {, vx" y') Oy) ds (9) 


where n is the outward-drawn normal to the boundary curve C. 
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We consider two special cases: 

(a) Dirichlet’s Problem for a Half Plane. Suppose that we wish to 
solve the boundary value problem Viy = 0 for x >0, py = f(y) on 
x =0, and p> 0 as x > oo. If P is the point (x,y) (x > 0), I is 
(—x,y), and Q is (x’,y’), then 

Ol 


G(X, y3x V) = 08 OP 


(cf. Fig. 25) satisfies both equation (6) and equation (7), since IQ = PQ 
on x =Q. The required Green’s function is therefore 


bad (x +x +0 —y') 
G(x, y;x’,y’) = + log —__..—_—>——— 10 
(x,y y’) 2 Six — x +(y —y) ( ) 
Now on C 
ang ~(33) en... ee 
On NOK yg PCy —y’)? 
so that substituting in equation (9), we find that 
wpe fy) 
y)=- a ee 11 
Wx,y) =| ee ( ) 


This is in agreement with what we found in Prob. 3 of Sec. 8 and Prob. 4 
of Sec. 11. 

(5) Dirichlet’s Problem for a Circle. In this instance we wish to find 
a solution of the boundary value problem 


Viy=0,r<a, y=f(onr=a 


We take P to be the point (r,@), Q to be (7’,0’), and II to be the inverse 
point to P and therefore to have coordinates (a/r, 0) (cf. Fig. 26). 
We see that 

r-IlO 

a:PQ 

is harmonic within the circle except at the point Q, where it has the 
right kind of singularity. Further, G vanishes on the circle 7’ = a. 
We therefore have 


G(r,6;r’,0’) = 4 log 


G(r,6;r’,6’) = log 


a® + rr'*/q? — rr’ cos (8° — 6) 
y’2 +. 2 —_ Orr’ cos (0° — 8) 


Now on C 
a _(@) a) 
On \Or'),., ala? — 2arcos (6’ — 6) + r*) 
so that 
 e—r {" f (@) ao’ 
v7.6) = 2r Jo a* — 2arcos(0’ — 86) +r (12) 


in agreement with what we found previously in Prob. 3 of Sec. 11. 
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Equation (12) is known as Poisson’s integral solution of the two-dimen- 
sional problem. 

We shall conclude this section with a theorem about the two-dimen- 
sional Dirichlet problem which has no counterpart in three-dimensional 
space. It concerns the relation between conformal mapping and 
Green’s function. Suppose that the function 


w = f(z) 
maps the region S'in the xy plane on the unit circle in the wv plane in 
such a way that f(a) = 0. Then the function f must be of the form 


f (2) =(@ — ayer 


where g is regular and f(z) = 1 on C. Hence 


log f(z) = log (z — a)+ gtz) 
vanishes on C, is harmonic in S, and has a singularity like log r, so that 


log | f(z)| = —G(x,y3u,v) 


On the other hand, log|f(z)| is determined by G(x,y;u,v), and 
therefore so is Rg(z), and hence g(z) is determined within a constant. 
The problem of the conformal mapping of a region Sin the xy plane on 
the unit circle in the uv plane is equivalent to that of finding the Green’s 
function of S, i.e., to solving an arbitrary Dirichlet problem for the 
region S. 


PROBLEMS 


1. Use Poisson's integral formula to show that if the function y is harmonic in a 
circle S and continuous on the closure of .S, the value of y at the center of S$ 
is equal to the arithmetic mean of its value on the circumference of S. 


Zz. If the function y(x,y) is harmonic within a circle of radius a with center the 
origin, prove that 
“x du 


1 
w(x,y) + p(0,0) = R—— ye me 
where C denotes the circle | « | = a in the complex « plane. 
Deduce that every harmonic function (x,y) is analytic in x and y, 


3. Jf the function y(x,y) is harmonic in the interior of a region S and if A is an 
interior point of S at which the value of y is equal to the least upper bound of 
its values in S and on its boundary, prove that » is a constant. 


4. Prove that if y,(x,y) @ = 1,2, . . .) is a sequence of functions each of which is 
harmonic in the interior of a finite region S and continuous in S and on its 
boundary and if this sequence converges uniformly on the boundary of S, then 
it also converges uniformly in the interior of S to a limit function which is 
harmonic in the interior of S.t 


5. Prove that if a series of nonnegative functions »,(x,y), harmonic in the interior 
of S, converges at some interior point of S, then this series converges to a 
harmonic function at every point of S. 


t This is known as Harnack’s first theorem. 


LAPLACE’S EQUATION 197 


Show also that the convergence is uniform in every closed bounded region 
of S.T 


Prove that if a nonconstant function y(x,y) 1s harmonic in the whole plane, it 
cannot be bounded from above or from below (Liouville’s theorem). 


MISCELLANEOUS PROBLEMS 
Fichba that it V, is a homogeneous function of x, y, z of degree n and 
p2 me x 4+ yp? + 27 
V2r"V,) = mim + 2n + 1)r™-?V,, + r™V24, 
Deduce Kelvin’s theorem that if V,, is a harmonic function, so also is 

as LP 
Prove that if V, is a homogeneous function of x, y, z of degree x which 
satisfies Laplace’s equation, then 

gPtats V,, 

0x? dy? az° 
is a homogeneous function of degree n — p— q—s satisfying Laplace’s equation. 


Prove that if V,(x,y,z) is a homogeneous rational integral function of degree 
n, the function 


r2 ; r* F 
t 2(2n — }) . + 2.4(2n — 1)(2n — 3) ’ nm" Vnl%y,2) 
g2s 92s 928 


os 
where ve oyae T Byes 7 aati 


is a harmonic function. 


A number of point charges e, are placed in positions having rectangular 
coordinates (&;.,7;,¢;,). Show that inside any sphere around O in which there 
are no charges the electrostatic potential is given by 


$(x,y,z) = ee r"S, 


e 
where Ss, = 2 —< Pr tty) 
r= (x?+ y?+27)8, pp = (ER +e t+ GY aa = SX ct Mey 1 bz 


PLL 
Show that if ¢ is a symmetrical function of x, y*, and z*, then S, = 0 for 
n = 1, 2, and 3. 

Find expressions for the potential near O, correct to terms in r*, for: 
(a) six equal charges e at the six points (+2,0,0); (0,+a@,0); (0,0,-+a); 
(5) eight equal charges —e at the eight points (+5,+6,+0). 

Show that to the order considered the electric intensities are the same if 
8a5 = 81V3b5, [P, = 4(3u2 — 1) and P, = $(35u* — 30u? + 3) may be 
assumed. | 
A mass mm is at a point whose displacement from the origin is a. Show that 
its potential at a sufficiently great distance r from the origin is 


f —(a'v) +s v¥— a (av) + -= — 


where V is the vector operator with components 0/0x, 0/dy, o/ éz. 


+ This is known as Harnack’s second theorem. 
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Eight masses m are placed at the points +1, +1, +1. Show that at large 
distances from the origin the potential is 


y= ve _ — 


{S(x* + y* + 24) — 3r4} + smaller terms 


Deduce, or otherwise prove, that near the origin 


_ 8ym 7 l4ym 4 4 4 
= HB {S(x* + y4 + 24) — 3r4} + smaller terms 


Show that the gravitational potential produced by a given distribution of 
matter at a distant point P is given approximately by 


ym WA+ B+ C — 3D) 
on a 


where m is its mass, A, B, and C are its principal moments of inertia at its 
mass center G, / is the moment of inertia about GP, and R 1s the distance GP. 

Relative to polar coordinates with Gas pole, the surfaces of equal density 
arer = a + &(a)S,(0,¢) where e(a) is a small quantity whose square is negligible 
and S, is a surface harmonic of second order; the boundary of the matter is 
the surface of equal density given bya = 5. Show that the second term in the | 
expression for V reduces to 


6 
R | p(a) 4 (ale) da {| S_Po(cos 0’) sin 0 dd db 
0 


where 0’ is the angle between r and R. 
If the electrostatic potential of a system is given by 


At + y+ 2)-80 z tant? 
show that the lines of force lie on the surfaces 
x24 y+ 2? = B(x? + p23 


The density at any point of a thin spherical shell of total mass M varies 
inversely as the distance of the point from a point C inside the shell at a 
distance c from its center O. Denoting OP by r and the angle POC by 8, 
prove that the potential at an external point P is 


M ¥>( ” Pa(cos 9) 0) 
On +1 
Prove that this result can be written in the form 
M [¢ ax 
2Ve |, xix? — 2xrcos 6 + r*)t 
and express the potential at a point inside the shell tn a similar form. 


A small magnet is placed at the center of 2 spherical shell of iron of radii a and 
b and permeability ». Show that the field of force outside the shell is reduced 
by the presence of the iron in the ratio 


2(u —1) a) or 
{ +5 ( -§)| 
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A nearly spherical grounded conductor has an equation 
r =a{l + eP,(cos 6)] 


where € is small. Show that if a point charge is placed at® =0,r=c >a, 
the total induced charge is 


ed 


A grounded nearly spherical conductor whose surface has the equation 
r=a f + > ¢P,, (COs | 
N=2 


is placed in a uniform electric field E which is parallel to the axis of symmetry 
of the conductor. Show that if the squares and products of the e’s can be 
neglected, the potential is given by 


Ea {a + $6.) (2)"— 4 P,(cos 6) 


= n n+] q\ntl . 
+ 3 iz = En—1 + n+ 3 eis] (2) P,(cos »| 5 Ey = 0) 
=: 


A spherical conductor of internal radius 6 which is uncharged and insulated 
surrounds a spherical conductor of radius a, the distance between their 
centers being c, which 1s small. The charge on the inner conductor is E. 
Show that the surface density at a point P on the inner conductor is 


Ej{1l — 3ccosé 
Aor \ a? b? — a 

where @ is the angle that the radius through P makes with the line of centers 
and terms in c* are neglected. 


A point charge e is placed at a point Q distant c from the center O of two 
hollow concentric uninsulated spheres of radii a, b (6 > c > a). Show that 
the charge induced in the inner sphere is 


If a thin plane conducting disk bounded by two concentric circles of radii 
a, b is placed between the spheres touching them along great circles in a plane 
perpendicular to OQ, show that if a <c, the charge induced on the inner 


sphere is approximately 
3a” c° 
ETB 


A grounded conducting sphere of radius a is placed with its center at the origin 
of coordinates in a field whose potential is 


oO 
¢ = 2 A," P, (cos 0) 
n=] 
Determine the charge distribution induced on the sphere, and show that the 
total induced charge Is zero. 
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_ Prove also that there is a force acting on the sphere in the direction @ = 0 
of amount 


oO 
> (1 + W)AgAy 4 a2" 


n=1 
Deduce the force on the sphere if the initial field has intensity components 
E 
B= -2(1 +2), .intas E,=— 
a a a 


at the point (x,y,z) referred to rectangular Cartesian axes, E being a constant. 


That portion of a sphere of radius @ lying between @ = « and @ =z — « Is 
uniformly electrified with a surface density o. Show that the potential at an 
external point is 


a\n 
r 


12.8) 
a J +1 
4nac 2 COS a + > wae [Ponsz (CoS a) — Pon_y (COS on( Po» (Cos 2) 


V(r,0,¢) is the potential of an electrostatic field in free space due to a given 
charge distribution. If there are no charges within r < a and if the volume 
r <a is then filled with a homogeneous dielectric of dielectric constant « 
prove that the potential functions inside and outside the sphere become 


2 e-1 ft _) . 
Vo = paren V (r,6,0) + (x + 1 | f V(rt,6,d) dt Paya 
V, = V(r,6,¢) — <— -*¥ yqeg) + [vine r>a 
ae al ae ae a (e+1)% a Jo ul,Y, ; 


where n = «/(x + 1) and u = a®/r. 


A sphere of dielectric consists of a spherical core and x — 1 concentric layers, 
the radii of the boundaries being @,, a, . . . ,@,. The dielectric constants in 
the » regions are ky, kg, . . . , k,, where each is constant throughout the 
corresponding region. Write down the equations which determine the 
potential at any point when the sphere is placed in a uniform field of electric 
force. 

Deduce that when a sphere of radius @ in which the dielectric constant k(r) 
is a differentiable function of the distance r from the center is placed in a 
uniform field, the potential at any point may be expressed in the form 


{rA(r) -+ r~*B(r)} cos 6 


where @ is the angle between the radius through the point and the direction of 
the field and A(r), B(r) satisfy the differential equations 


dA 1dB_ d(kA) 2 d(kB) — 


dr Par” dr re dr 


together with certain boundary conditions which should be stated. 


A solid sphere of radius a is composed of magnetizable material for which the 
permeability at the center is 4 and at the surface is unity. When the sphere is 
placed in a uniform field H in the direction 0 = 0, the scalar potential inside 
the sphere is of the form (Ar + Br*) cos 6, where A and B are constants. 
Find the permeability at distance r (<a). 
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Show that at a point on the diameter of symmetry the magnetic induction is 
of magnitude 12@¢A/S(a + r). 


Show that the potential at external points due to a layer of attracting matter 
distributed over the surface of radius @ with surface density S,, is 


Anant? 
(2n + 1)r”t! Sn 


where 5S, is a surface spherical harmonic of degree x. 
Show that a distribution of matter of surface density kz? over the hollow 
sphere r = a produces a potential 
Air ka* Ar ka®(2z* — x — y*) 


3  r 15 r° 
in the surrounding space. 


A uniform hollow conducting sphere of radius a and conductivity o and small 
thickness ¢ has two spherical terminals of radius r and infinite conductivity 
with their centers at opposite ends of a diameter of the sphere, The terminals 
are maintained at a constant potential difference V. Show that the current 
which passes is 

2rotV 


log (4a*/r? — 1) 


Current flows through a medium of uniform conductivity o between two 
nearly concentric spheres of radii b, a(6 > a) whose centers are a small 
distance ea apart. The potential difference between the electrodes is Vy. 
Prove that the current density at the outer electrode is 


oV a | _ 3ab*e cos , 


6b—ab\ ° B-@ 


where @ is the angle between the line of centers and the radius vector to the 
point where the current density is specified. 


A uniform infinite metal sheet of conductivity o, contains a spherical inclusion 
of radius a and conductivity 05. The current enters the medium by two small 
electrodes of radius 6, whose centers are on a diameter of the sphere at equal 
distances 6 > a from the center of the sphere and on opposite sides of it. 
Show that the equivalent resistance is 


' | \ 5 oe) a 4nt+3 
Bili-b+3S een G) a] 90 
i — 


o, —6 
h = 1 2 
es An Ain + 1)o, + (2n + 1)o, 


A nonconducting plane lamina bounded by two concentric circles of radil 
a, and a, (a, < a») is charged with electricity to a uniform surface density o 
electrostatic units and made to rotate in its own plane with constant angular 
velocity w about its center. A soft iron sphere of radius 5 (6 < a,) and 
permeability 4 is placed with its center at the center of the lamina. Find the 
magnetic intensity H at the center of the sphere, and show that at a great 
distance from the sphere the field of the sphere is the same as that of a dipole 
of moment 
2nowbh*(a,y — ay(u — 1) 
ou + 2) 
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A. sphere of radius a is fixed in a perfect incompressible fluid which is flowing 
past it in such a manner that at a great distance from the sphere the velocity is 
constant. A colored particle of fluid is started upstream at a point which lies 
on the axis of the system, and its motion is observed. If, while the particle is 
upstream, its distance changes from z, to z, (measured from center) in time 7, 
show that the maximum value of the velocity of slip on the sphere ts 


3 (z? — a®)(z, — a) 
2T Co 22) — g log (22 — a®)(z, — a)® 


tan) V3a(z, = Zo) 
—— 2(23Ze an a*) + az, + Zo) 


A uniform solid sphere of radius @ and mass M is surrounded by perfect 
incompressible fluid of uniform density p; the fluid is enclosed by a spherical 
shell of radius 6 concentric with the solid sphere. The system is set into 
motion by an impulse applied to the shell, the initial velocity of which is V. 
Prove that the initial velocity U of the solid sphere is given by 


2npa®(2a® + 6%) 7 2m pa®b® y 
3(b3 — a?) ps 
A sphere of radius a moves with velocity U in a liquid of which the only 


boundary is an infinite rigid plane. If the liquid is at rest at a great distance 
from the sphere, show that its kinetic energy when the sphere is moving 


normal to the boundary is 
ra*U? : Si koa 
3 8a 


where d is the distance of the center of the sphere from the plane and terms of 
order a*/d‘ are neglected. 


A plane annulus of matter is bounded by concentric circles of radii a and 
b(b > a) and is of constant surface density o. Show that its gravitational 
potential at a point on its axis at a distance z from its center Is 


2ryol[(b® + z*)4 — (a? + z7)*] 


Obtain an expression for the potential at a point distant r (<a) from the 
center. Show that the direction of the attraction at a point in the plane of the 
disk distant r (<a) from the center is in the plane of the disk, and obtain an 
expression for its magnitude in the form of an infinite series. 


The potential near the origin of a distribution of matter on a circular plate is 
given by the series 


>, AntP,(cos 6) 
n=0 
Show that the surface density at a point of the plate is 
I Leo: 2 eo OOO: 
~ 344% az Agr” + xd Acr | 


Show that if r = a? + x? — 2ax cos 4, 


lt ae ‘2 
{a2 +. x? — 2ax cos 6}8 «ax \r r 


and hence expand the expression in ascending powers of 1/x. 
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A line charge of. density /x? is set along the x axis extending from x = fto 
x = 0, A grounded conducting sphere of radius a (</) is placed with its 
center at the origin. Show that the surface density at any point (7,0) on the 


sphere is 
oO 
k >= +1 a 
—_—- eee meee saa G 
dna Ly r +2 fr rraeers 


A sphere of soft iron of radius @ and of uniform permeability u is placed with 
its center at a point on the axis rata b from the center of a circular coil of 
radius c carrying a current J. If a” < b* + c*, show that the field at the 
center of the coil is 


(n+ 1A, ae 
dell” + »> Ene In i OO 
Qo” b 
where A, = bt far 


The functions y,(r) and »,(r) are determined by the conditions: 
(i) y,(r) is harmonic and regular outside the sphere S, r <a, and 
w(r) ~ Yo(r) as r > 00, where y,(r) is harmonic; 
(ii) y,{r) is harmonic and regular inside S; 
(iii) y(r) = y(n), and 4,(Oy,/ Or) = up(ey,/ ar) on S, 
where 4; and #, are positive constants. 
Prove that 


2 _ 1 Aa 
vie) = vie) ~ (1 ~ 28) y(t) + HE = 208 9 288) rn 
0 


Vr 
1 

vat) = kyl) + kL — 24) | po(AR-O® di 
0 


where k = pof(u, + Hy) so thatO <k <1 


A magnetic sphere of radius a and permeability w is placed at the origin ina 
vacuum in which the undisturbed magnetic field has potential V,,(x,y,z), a 
homogeneous function of degree n in x, y, and z. Show that the potential 
of the disturbed field is given by 
2n + 1 
nt+ne+ j 
PVT, na = att 
(n + ne + I)r?rtt 
A magnetic dipole of moment m is situated in a vacuum at a point with 
position vector f outside a sphere of radius a and permeability ». Show 
that the magnetic potential in the interior of the sphere is 
2 m°(r —f) uw—l1 f1m-(Ar —f) 
oe al) 
w+ I ar t+ oop | Jar — £[° . 


and determine the potential at an external point. 


VAX, YZ) r<a 


| V(X,y,Z) r>a 


The irrotational steady flow of a perféct fluid is symmetrical about the x axis. 
If = (y* + 2°)#, show that the components of fluid velocity in the directions 
of x and , respectively, can be expressed in the form 
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where the function y (called Stokes’ stream function) satisfies the partial 
differential equation 

@ {1 ay @ (1 ay 

can ‘coe — 


Show that the stream function 


U 
= —(r? — a?) sin? 6 
r sin 
y=>7 ) 
where (r,6) are spherical polar coordinates, determines an irrotational flow 
outside a rigid spherical boundary r = a, the velocity at a large distance being 
uniform and of magnitude U, and that 


3Ur? 


a2 (a* — r*) sin? 6 


determines a flow inside the same boundary. Find the vorticity in the interior 
flow. 

Show by considering the continuity of velocity and pressure at r = a@ that 
the two flows can coexist in the same liquid without a rigid boundary atr = a. 


Prove that the equation satisfied by the stream function in cylindrical 
coordinates (x,@), with the x axis as axis of symmetry, is transformed by the 
conformal transformation 


z=x+io=f(), C=F tin 


into 
ofl oy a/1 oy\ _ 
rie #) sae = 
Show that 
4Ub*(cosh € + sinh? & log tanh $6) sin? 7 
a SS ge 
a 4 5" ” at+b—-ce 
nn 5 +b+c 
where x + id = ccosh (é + in) 


satisfies all the conditions required of a stream function which describes the 
flow when a prolate spheroid of semiaxes a = c cosh &9, b = sinh &) moves 
with constant velocity U in the direction of its axis of symmetry through 
unbounded liquid otherwise at rest. 


If a conducting medium has the form of a circular sheet of radius 6 and small 
thickness ¢, and if the electrodes are coplanar circles of small radii a with their 
centers at the ends of a diameter, prove that the resistance between the 
electrodes is approximately 


2 to 26 
not Ba 


Two sources each of strength m exist at the points z = +c(c real), together 
with a sink —2m at z =0. Determine the complex potential of the fluid 
motion on the assumption that it is two-dimensional, and prove that the 
streamlines are the curves 


(x? + y*)? = c2(x? — y® + Axy) 
where / is a real parameter. | 


Show also that the fluid speed at any point P is 2mc*/ryrors, where ry, rg, and 
re are the distances of P from the sources and the sink. 
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Four equal circular perfectly conducting electrodes of small radius are placed 
with their centers at the corners of a square of side a in an infinite sheet of metal 
of thickness ¢ and uniform conductivity o. One pair of opposite corners is at 
one potential, and the other pair at a different potential; show that the 
resistance between the pairs 1s 


or oe 
anor = 0/9 


Show that the streamline that touches a side at the middle point leaves the 
electrode at an angle tan? > with the side. 


A line source is in the presence of an infinite plane on which is fixed a semi- 
circular cylindrical boss of radius a, the line source being parallel to the axis of 
the boss. If the source is at a distance c (>a) from the plane and the axis of 
the boss, find the velocity potential of the fluid motion. Show that the radius 
to the point on the boss at which the pressure is a minimum makes an angle 0 
with the radius to the source, where 
c*2 — @g* 

tan 6 aa 
A long circular cylinder of radius a is fixed with its axis parallel to, and at a 
distance c from, an infinite plane wall. The space outside the cylinder 1s 
filled with liquid, and there is a circulation « about the cylinder. Prove that 
the resultant of fluid pressure on the cylinder is a force toward the wall of 
magnitude 

Kp 


dn / — @ 


A cylinder whose normal section is the ellipse x*/a® + y?/b* = 1 moves in an 
infinite fluid at infinity. Find the appropriate y functions when: (a) the 
cylinder is rotating about its axis with a constant angular velocity w; (6) it is 
moving with a constant velocity of translation perpendicular to its axis; 
(c) the cylinder rotates with constant angular velocity about a line parallel to 
the axis and passing through the point (%o,)‘o). 

If at any moment the axis of rotation is transferred from the axis of the 
cylinder to the parallel line through (x»,y 9) without altering the angular 
velocity, show that the increase of the kinetic energy of the fluid 1s 


| Anpw*(a?xe + b*y2) 
per unit length of axis. 
A uniform stream of incompressible perfect liquid is disturbed by an infinite 
strip placed broadside on to the stream; the stream is in the direction Oy, and 
the strip occupies the region y = 0, |x| <a. By using the transformation 


¢2 = z* — q*, or otherwise, find the w function for the disturbed motion. 
Prove (a) that the velocity at a point on the axis Oy is 


y y + 
(- + 3) 


where Vis the velocity of the undisturbed stream, and (4) that the equation ofa 
streamline is 

x? 2 

ee I 
where A is a constant. 
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Show that the transformation ea ¢? — 4 maps the part of the z plane to the 
right of the parabola x = —y* on the part of the ¢ plane to the right of the 
line & = 4. 

Hence, or otherwise, show that the complex potential 


w= (— 3) ={Vz +4 — 3) 


is compatible with the parabola as lees and represents a flow which is 
uniformly in the —x direction, as x > + ©, in the presence of the parabolic 
obstacle. 


Show that the transformation w = sin (wz/2a), where z = x + iy,w =u + ip, 
transforms the region S in the z plane, defined by —a < x <a, y > 0, into 
the upper half of the w plane. State which portions of the u axis correspond to 
each of the three lines bounding S. 
Show also that the transformation w = log {(z — 1)/(z + 1)} transforms the 
upper half of the z plane into the infinite strip 0 < v <7 of the w plane. 
Deduce, or show otherwise, that the imaginary part of 


Yo is sin (7z/2a) — ] 
T sin (7z/2a) + 1 
satisfies Laplace’s equation in the region S and is equal to zero on the infinite 
boundaries and to V, on the finite boundary of S. 


Show that the conformal representations t = e7#/9 and t = cosh 7z/b can be 
used to map an infinite strip of width 5 in the z plane and a semi-infinite 
strip of the same width in the z plane, respectively, onto the upper half of a 
r plane. 

¥ ind the velocity potential in a semi-infinite strip bounded by x = 0, y = 0, 
y = 6 due to the existence of a source at the origin from which a volume 7m 
of liquid flows into the region per unit time. 


Two semi-infinite conducting plates y = 0, x <0 and y =a, x <0 are at 
potentials O and Vg respectively. Show that the electrostatic field in their 
neighborhood is given by the complex potential function w, whose real part is 
the electrostatic potential V, where 


2nZ L+ 2niw a 2riw ea 

Q 7 Vo P Vo 7 “4 

Prove that the line of force passing between the extreme edges of the plates has 
the form of a cycloid. 


Show that the domain outside the circle |Z| = a in the Z plane is transformed 
into the domain outside a circular arc of equal radius in the z plane by the 
conformal relation 


, patie Ne 
z—ae*™*%  [ Z — iae 
z — aera Z + iae~*# 


where the circular arc subtends an angle 4« at its center. Show also that z/Z 
tends to sin « at infinity. 

A cylinder whose section is the above circular arc is placed in a stream of 
fluid in which the velocity at a great distance from the cylinder is V. This 
velocity is perpendicular to the generators and makes a positive angle PB with 
the radius from the center to the middle point of the arc. If in addition there 
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is a circulation k round the cylinder in the positive sense, show that the 
complex potential # can be derived from 


w = Vsin « (ze# + 52 + ——, 


by eliminating Z between this equation and the above relation. 
Prove that the velocity at the upper edge is finite when, and only when, 
k = 2raV [sin B + sin (2a — f)). 


In the conforma] transformation 


(4) - (G2 
{+a z+ec 
a and c are real and positive, and ¢, z are connected with ry, ro, 9 by the relations 


= 3 = 
ae (") eto ZTE LN ote 


C+a ro z+e fre 


where 7, rg are the distances of the point z from the points +c and 
—7 <@<7. Show that the transformation transforms the region outside 
the figure formed by two minor arcs (9 = +7) of orthogonal circles through 
the points z = --c, which are symmetrical to the line joining these points, into 
the region outside the circle ¢ = a. 

Hence show that if a conducting cylinder whose normal section is formed 
by these arcs is freely charged with electricity, the density at any point of the 
arcs is proportional to 


rot rs 3 (ri? + rf) 

Prove that the transformation 

a _y ” oo 

TI © ~ 2) >, My et De 

dz y= r=] 
where z, are real numbers such that z, < z,,,, maps conformally the interior 
of a polygon of n sides with exterior angles «,, in the ¢ plane ( = & + in) 
onto the upper half of the z plane. What emendations are necessary if a 
vertex of the polygon corresponds to the point at infinity on the real axis in the 
z plane? 

Find the transformation which maps conformally the interior of the semi- 


infinite strip bounded by & = 0, 7 = «, 7 = —« onto the upper half of the 
z plane. 


In the plane of two-dimensional motion, liquid flows from a vessel whose sides 
are defined by 


y-c+t+me=0, yte-mxe=0 x <0 

where m = tan(7/2n). If the internal angle of the vessel is 7/n, obtain an 
equation giving implicitly the complex potential of the liquid motion. 
Fluid is introduced to the half space z < 0 through a circular aperture r < a 
of the rigid plane z = 0. State the conditions to be satisfied by the velocity 
potential in these circumstances, and show that it may be expressed in the form 

4 

7 JO 
where y is aconstant. Hence determine the components of the velocity at any 
point in the fluid. 


nee e£27,(Er) dé 
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52. Two axially symmetrical functions »(,z), y.(e,z) satisfy the conditions 
(i) Vy, = 0,z <0; Vy, =0,z>0 
i Oy ow 
Gi) y, =. and ™ nae 5 forz =0,p <1 
(iu) y, +0 as p* + z2 > 00 


OW, _ 
(iv) oe forz =0,p >1 


OW, 
(v) — Vooasz>o 
Show that 
ce co 
Y= | EA(Ee*2J (Ep) a, Yo = K+ UZ + | EB(E)e—*2J (Ep) dé 
0 0 


where « iS a constant and 


[ E[A(S) — BE)WoSp) do =x p< 
| ETA(E) + BEV (Fp) dE =U p< 
0 


| EA4(E)J (Ep) dé =O p> 
0 


Verify that these conditions are satisfied by choosing 


x sin & US,() _ _«K sin é US () 
re 262" BG) = — a 2&8 


A(t) = 


and that 


Oy, OWe Uz K 


ae = ee = $U + saa rT 
te) Fe : 22+ y 2’ + )) 


Chapter 5 


THE WAVE EQUATION 


In this chapter we shall consider the wave equation 
ry = 1 oe 
c* Of 
which is a typical hyperbolic equation. This equation is sometimes 
written in the form 
[Ip = 0 
where []* denotes the operator 
eee 12 
Ox® dy? = az*®— *-_ OF? 
If we assume a solution of the wave equation of the form 
y= ¥(x,y,z)en 
then the function Y’ must satisfy the equation 
(V? + k*)¥ =0 


which is called the space form of the wave equation or Helmholtz’s 
equation. 


|. The Occurrence of the Wave Equation in Physics 


We shall begin this chapter by listing several kinds of situations in 
physics which can be discussed by means of the theory of the wave 
equation. 

(a) Transverse Vibrations of a String. If a string of uniform linear 
density p is stretched to a uniform tension 7, and if, in the equilibrium 
position, the string coincides with the x axis, then when the string is 
disturbed slightly from its equilibrium position, the transverse dis- 
placement y(x,7) satisfies the one-dimensional wave equation 

dy 1 ay 
at 2 OF 0 
209 
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where c2? = T/p. At any point x =a of the string which is fixed 
y(a,t) = 0 for all values of ¢. 

(b) Longitudinal Vibrations in a Bar. If a uniform bar of elastic 
material of uniform cross section whose axis coincides with Ox is 
stressed in such a way that each point of a typical cross section of the 
bar takes the same displacement é(x,f), then 

OE = 1 AE 
0x2 =? 7? 2) 


where c? = E/p, E being the Young’s modulus and » the density of the 
material of the bar. The stress at any point in the bar is 


o= E— (3) 


For instance, suppose that the velocity of the end x = 0 of the bar 
0 <x < ais prescribed to be v(t), say, and that the other end x = ais 
free from stress. Suppose further that at that time ¢ = O the bar is at 
rest. Then the longitudinal displacement of sections of the bar are 
determined by the partial differential equation (2) and the boundary and 
initial conditions 


. O€ = 
(1) > =v?) forx=0 


.. O€ 
(11) —s forx =a 


Gil) =< =0 att=Ofor0<x <a 


(c) Longitudinal Sound Waves. Mf plane waves of sound are being 
propagated in a horn whose cross section for the section with abscissa 
x is A(x) in such a way that every point of that section has the same 
longitudinal displacement &(x,t), then & satisfies the partial differential 
equation 

0 1 dé 
ax aa Fe D) = 2 ar (4) 


which reduces to the one-dimensional wave equation (2) in the case in 
which the cross section is uniform. In equation (4) 


C= (2) (5) 


where the suffix 0 denotes that we take the value of dp/dp in the equili- 
brium state. The change in pressure in the gas from the equilibrium 
value py is given by the formula 


a& 
P —Po= —C*po Dy. (6) 
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where py is the density of the gas in the equilibrium state. For instance, 
if we are considering the motion of the gas when a sound wave passes 
along a tube which is free at each of the ends x = 0, x = a, then we 
must determine solutions of equation (4) which are such that 


of 

Ox 

(d) Electric Signals in Cables. We have already remarked (in Sec. 2 

of Chap. 3) that if the resistance per unit length R, and the leakage 

parameter G are both zero, the voltage V(x,t) and the current z(x,t) 

both satisfy the one-dimensional wave equation, with wave velocity c 
defined by the equation 


Q atx =Qandatx=a 


= _— (7) 


where L is the inductance.and C the capacity per unit length. 

(e) Transverse Vibrations of a Membrane. Ifa thin elastic membrane 
of uniform areal density o is stretched to a uniform tension 7, and if, 
in the equilibrium position, the membrane coincides with the xy plane, 
then the small transverse vibrations of the membrane are governed by 
the wave equation 

1 oz 


where z(x,y,¢) is the transverse displacement (assumed small) at time ¢ 
of the point (x,y) of the membrane. The wave velocity c is defined by 
the equation 
f= ) 
6) 
If the membrane 1s held fixed at its boundary I’, then we must have z = 0 
on I’ for all values of 7. 

(f) Sound Waves in Space. Suppose that because of the passage of a 
sound wave the gas at the point (x,y,z) at time t has velocity v = (u,v,w) 
and that the pressure and density there and then are p, p, respectively; 
then if po, po are the corresponding values in the equilibrium state, we 
may write 

p=p(l +s), p=Ppo + c*pos (10) 


where s 1s called the condensation of the gas and c’ is given by equation 
(5). If we substitute these expressions in the equations of motion 


V 
PH —grad p (11) 
D 0 6) 0G 0 
aaa Dat at Dt ae 
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and restrict ourselves to small oscillations of the gas, we find that 


ov 
Po = —c*po grad s (12) 
Similarly, the continuity equation 
Dp 
Dt + p divv=0 


is equivalent, in this approximation, to the equation 
Os 
pos +Podiv v = 0 (13) 


If the motion of the gas is irrotational, then there exists a scalar function 
¢ with the property that 
v= —grad ¢ (14) 


Substituting from equation (14) into equation (12), we find that for 
small oscillations 


grad (2 — cts) = 0 (15) 
Ot 
Similarly, equation (13) is equivalent to 
Os , 
3 V d (16) 


Eliminating s between equations (15) and (16), we find that ¢ satisfies 
the wave equation 


1 ad 
2 — 
(g) Electromagnetic Waves. If we write 
1 0A 
H = curl A, =—7 a, — grade 


then Maxwell’s equations 
div E = 47, div H = 0 


l oH 4nri 1dE 
curlE = —-~—"s culH=--~+->5 


are satisfied identically provided that A and ¢ satisfy the equations 


10?A 3 4r 1 a2d 
oA, ee (Ch ee ee 
7. c? Or C " -e c? Of? i 


Therefore in the absence of charges or currents ¢ and the components of 
A satisfy the wave equation. 
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(h) Elastic Waves in Solids. If (u,v,w) denote the components of the 
displacement vector v at the point (x,y,z), then the components of the 
stress tensor are given by the equations 


(oms08,) = 4 (+ 2 4) 4 oy (HS, SE) 


ax ' Oy | az Ox oy az 
Ow dn Ou dw adv a) 
Cwatt) = (E+ 52 Get Be BET 
where A and uw are Lamé’s constants. The equations of motion are 
do, OT ny OT x, O-u 
ox + By T Ge TOA = Paar 


where F = (X, Y,Z) is the body force at (x,y,z). If we write 
F = grad ® + curl } 


then it is easily shown that the displacement vector can be taken in the 
form 


v = grad@¢ + curl p 
provided that ¢ and & satisfy the equations 


¢ np ¢? 
78 — ciV*¢ = 9, at — V2 = 
where the wave velocities c,, c, are given by 
p p 


Hence, in the absence of body forces, ¢ and the components of each 
satisfies a wave equation. 


PROBLEMS 


1. Prove that the total energy of a string which is fixed at the points x = 0, x = / 
and is executing small transverse vibrations is 


war | (8) +a(3) ja 


y=fe-ce) V<x<l 


then the energy of the wave is equally divided between potential energy and 
kinetic energy. 


2. Show that 


Show that if 


y = A pjeiPptteic) 
is a solution of the wave equation for arbitrary forms of the function A which 
depends only on p. 
Interpret these solutions physically. 


214 
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A string of length /, + /, is stretched to a tension pc* between two points O 
and A. A point mass m is attached to the string at a point distant /, from O. 
Write down the conditions to be satisfied by the function describing the 
transverse displacement of such a string, and, making use of the result of the 
last problem, show that the periods of possible oscillations of the system are 
given by n(7, + /,)/cf, where ¢ is any positive root of the equation 


2c1, 21, 2me 
t nati ge greenanica Se 
Lh ch A 
A uniform stretched string of great length lies along the axis Ox from x = —! 
tox = +0; theendatx = —1/is attached to a fixed point, and a particle of 


mass m is attached to the string atx = 0. A train of transverse waves in 
which the displacement is 


y =acose (+ +2] 


travels along the string from x = + © and is reflected. Show that stationary 
waves are set up in each part of the string and that in particular the dis- 
placement for —/ < x < Ois 


Cos B ; ox 
sin o Sin (2 + :) cos (ct — B) 


z = 2a 
where « = o//c and 


om 
tan 6 wa — cot « 
p 


A uniform straight tube of length 2/ and cross-sectional area A is closed at one 
end and open at the otherend. A quantity of gas is imprisoned by a piston of 
mass M free to slide along the tube, and the piston 1s in equilibrium when at 
the middle of the tube. The density of the enclosed gas is then o, while the 
density of the atmosphere is p. Show that the frequencies p of the oscillations 
of the piston about its position of equilibrium are given by 

Mp _ PE tan PE 

— = co cot Qs cp tan o 
where c, c’ are the velocities of propagation of sound in the enclosed gas and 
the atmosphere, respectively. 


A particle P of mass m rests on a smooth horizontal table. It is. attached to a 
point A by a uniform heavy string o* mass T//c? and to a point B by a light 
inextensible string. The points A and B are on the table; in the equilibrium 
position AP = |, BP = a, and the tension of the strings is 7. Prove that the 
normal frequencies p of the transverse vibrations of the heavy string are 
solutions of the equation 


a’ Tf? 
A uniform inelastic string of length 7 and line density p lies on a smooth 
horizontal plane. One end is attached to a fixed point A on the plane, and the 
other end is attached to a mass M which can slide freely along a horizontal 
line at a distance / from A and perpendicular to the mean position of the string. 
The string is subject to a tension pc”. Show that if the system performs small 
vibrations with period 2x/p, the equation to determine p is 
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Deduce that for large values of the integer 7 the values of p are approximately 
Cc lp 
i (re * nnM ) 


2. Elementary Solutions of the One-dimensional Wave Equation 


We saw in Sec. 1 of Chap. 3 that a general solution of the wave 
equation 
Cy 1 ay 
oxt OF ~ 
1S 
y=f@ + et) + glx — ct) (2) 
where the functions f and g are arbitrary. In this section we shall 
show how this solution may be used to describe the motion of a string. 
In the first instance we shall assume that the string is of infinite 
extent and that at time ¢ = 0 the displacement and the velocity of the 
string are both prescribed so that 


y=ne), Zo) atr=0 3) 


Our problem then is to solve equation (1) subject to the initial con- 
ditions (3). Substituting from (3) into (2), we obtain the relations 


n(x) = f(x) + g(x), (x) = of (x) — eg") (4) 


Integrating the second of these relations, we have 


f@) — eo) =* | 0 a8 


where 6 is arbitrary. From this equation and the first of the equations 
(4) we obtain the formulas 


f) = 41) += [0 ae 


g(x) = ila) —5- | vf) de 


Substituting these expressions in equation (2), we obtain the solution 


y = Hox + ct) + n(x — ct)} + - [0 dé (5) 


The solution (5)1s known as @’ Alembert’s solution of the one-dimensional 
wave equation. If the string is released from rest, v =0, so that 
equation (5) becomes 


y = n(x + ct) + n(x — ct)} (6) 


showing that the subsequent displacement of the string is produced by 
two pulses of “shape” y = 37(x), each moving with velocity c, one to 
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the right and the other to the left. Such a motion is illustrated by 
Fig. 34, in which the initial displacement is 


0 x <—a 
WAx)=(1 |x| <a 
QO 


Xx >a 


The motion may be represented by a series of graphs corresponding to 
various values of ¢ as in this figure. Another method of representing 


Figure 34 


motion graphically is to construct a surface from these profiles, as 

wn in Fig. 35. 

Ve shall now consider the motion of a semi-infinite string x > 0 fixed 
at the point x = 0. The conditions (3) are now replaced by 


y = n(x), oY v(x) x 2O0atr=0 (7a) 
y=0, &Y — 9 t>O0atx=0 (75) 


The solution (5) is no longer applicable, since n(x — ct) would not have 
a meaning if ¢ > x/c. Suppose, however, we consider an infinite 
string subject to the initial conditions 


y= Y(x), = = V(x) att =0 
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n(x) fx 20 

where Y(x) = 7 
—n({ —x) fx <0 
v(x) if x >0 

and Vix) = 
—v( —x) ifx <0 


Then its displacement is given by 


y=h{Yx4+ ct) + Yae—ct)} + = i_ VE) dé (8) 
Kr 
TV (2a 
ee 
= —= 
fH 
V4 
ia re 35 
so that when x = 0 
(9) 


y=HMC) + Hod} +3 | MeO ae 


and 2 = ¢c{ Y'(ct) — ¥'(—ct) + £{Vict) + V(—ct)} 


It is obvious from the definitions of Y and V that both these functions 
are identically zero for all values of ¢ and that therefore the function (9) 
satisfies the condition (7) as well as the differential equation (1). It is 
easily verified that it also satisfies the condition (7a). In particular, 
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if the string is released from rest so that v, and consequently V, is 
identically zero, we find that the appropriate solution is 


aln(x + ct) + ox —ct)] xDBet 

— Un@ + et) — net -—)] x <eet 
The graphical representation of such a solution is shown in Fig. 36. It 
may be obtained directly from the analytical form of the solution or, 
more easily, from the graphical solution for an infinite string subject to 


an initial displacement Y(x). 
A similar procedure is applicable in the case of a finite string of 


Figure 36 


length / occupying the space0O <x </._ The initial conditions may 
then be written in the form 


y = (x), Y= o(x) QO<x</att=0 


y = 0, = t>Oatx=Oandx=/7 


and by a method similar to the one above it 1s readily shown that the 
solution of the wave equation (1) satisfying these conditions is the 
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expression (8), where now the function Y(x) is defined by the relations 


n(x) if O<x</l 
¥(x) = , 
—7( —x) f—l<x<0 
Y(x +2rl) = Y(x) if—/< vad r= +l, +2,. 


In other words, Y(x) is an odd vetiodic function of period 21, “The 
relation between 7(x) and Y(x) is shown graphically in Fig. 37. V(x) 1s 
defined in terms of v(x) in a precisely similar fashion. 

It is well known from the theory of Fourier series’ that such an odd 


Figure 37 
periodic function has a Fourier sine expansion of the form 
~ , mrx 
Y(x) a Qm SN is (10) 
where the coefficients 7,, are given by the formula 
"nm = ; , ms) sin (mre) dé (11) 
Similarly V(x) = 5 Vin, SIN, ae *) (12) 
where i 5 a v(é) sin (™ mre dé (13) 


Substituting the results 
LY(x + ct) + ¥(x — ct} = > | rr cos (met) 


oe is — Um. (mnx\ . (mret 
— [-" V(é) dé = ) — sin (2) sin ( . 
2c mC a mM l l 

7 R. V. Churchill, “Fourier Series and Boundary Value Problems,” (McGraw- 
Hill, New York, 1941), p. 75 
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which follow from these expressions, into the solution (8), we find that 
the solution of the present problem is 


= ~ . (mnx mrct 1 Um. (=) (“et 
J ae Ym SID (=) COS ( j =P =a os sin j sin 
(14) 
where 7,, and v,, are defined by equations (11) and (13), respectively. 


Example 1. The points of trisection of a string are pulled aside through a distance « 
on opposite sides of the position of equilibrium, and the string is released from rest. 
Derive an expression for the displacement of the string at any subsequent time and 
show that the mid-point of the string always remains at rest. 

In this case we may take / = 3a and 


= O<x<a 
a 
—2 
n(x) = ents acgx<2a 
— 3 
A ite 2a< x < 3a 


a 


and v(x) = 0. Thus the Fourier coefficients are 


2E +. omnx om . mx ” . Mrx 
Yn = oat) x sin dx + . (3a — 2x) sin —— ax + _ (x — 3a) sin —— dx 
18¢ 
ee {1 + (-1)} sin (4m) 

and Voy, = QO 
so that the displacement is given by the expression 

_ 18¢ S 1 -+ (—t)™ ais Mir ‘i marx oe mrct 

og? mr? 3 3a 3a 


m= 1 
which is equivalent to 


Se SO 1. Qnn , 2nwx 2nnct 
ae a > 7 Sin > sin 30 COS 30 
n=I1 
The displacement of the mid-point of the string is obtained by putting x = 3a/2 in 
this expression. Since sin (2n7x/3a) would then equal sin nz, and this is zero 
for all integral values of n, we see that the displacement of the mid-point of the 


string is always zero. 
PROBLEMS 


1. A uniform string of line density p is stretched to tension pc? and executes a 
small transverse vibration in a plane through the undisturbed line of the string. 
The ends x = 0, / of the string are fixed. The string is at rest, with the point 
x = 6 drawn aside through a small distance ¢ and released at time t = 0. 
Show that at any subsequent time ¢ the transverse displacement y is given by 
the Fourier expansion 


= 000 S Z sin (= sin (=) cos (2) 
7 PTB) LON 
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2. If the string is released from rest in the position 
y= = xl — x) 
show that its motion is described by the equation 


ee OO Ce Ce 
2S Ly Gn $F 


3. If the string is uineaad from rest in the —— y = f(x), show that the total 
energy of the string is 
a 
4! 


where k, = ae sin (= 4 dx 


The mid-point of a string is pulled aside through a small distance and then 
released. Show that in the subsequent motion the fundamental mode con- 
tributes 8/m? of the total energy. 


s?k? 


ie 


3. The Riemann-Volterra Solution of the One-dimensional Wave 
Equation 


In Chap. 4 we saw that for Laplace’s equation Viy = 0 it is not 
possible to give independent prescribed values to both y and oy/en along 
a boundary curve, since if either y or @y/dn is prescribed, that alone 
is sufficient to determine the potential function y uniquely. In the 
last section we saw that the corresponding situation for the one-dimen- 
sional wave equation 

0” 0? 
= = a yet (1) 


is quite different; i.e., that y and dy/dy can be prescribed independently 
along the line y= 0. We noted previously (Sec. 8 of Chap. 3) that if 
we are given the values of (x,y,z,p,qg) along a strip C, then the equation 


0*z Oz Oz 
ax oy oy =f (xy *Y0 Gx’ F 2) 


has an integral which takes on the given values of z, p, g along the 
curve I’ which is the projection of C on the xy plane, and a simple 
change of variable reduces equation (1) to the type (2). In this section 
we shall use the method of Riemann-Volterra outlined in Sec. 8 of Chap. 
3 to determine the solution of the Cauchy problem 

Oy Oy 

0x2 ay? (9) 


v=fey, P=gxy) onc (a 


where I is a curve with equation u(x,y) = 0. 
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Suppose that we wish to find the value »(¢,7) of the wave function y 
at a point P with coordinates (¢,y). Then it is readily shown that the 
characteristics of the equation (3) through the point P have equations 


Xx+y=E+N (5) 
and sat deel | (6) 
and we may assume that the second of these lines intersects the curve C 
in the point 4 and that the first intersects C in the point B (cf. Fig. 38). 
If we let 

O2 ke 

~ aa Op ”) 

then, since this operator 1s self-adjoint, it follows from the generalized 


Figure 38 


form of Green’s theorem (Prob. 1 of Sec. 8 of Chap. 3) that 
| { (wly — wLw) de dy = | [Ucos (n,x) + Vcos (ny) ds (8) 
2 


p> 
Ow dw 
where U = ae — Ww Be (9) 
Oy ow 


C'is the closed path ABPA, and is the area enclosed by it. From the 
discussion of Sec. 8, Chap. 3 we see that the Green’s function w must 
satisfy the conditions 


(1) Lw = 0 
(11) on = 0 on AP and BP 


(111) w=] at the point P 
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These conditions are satisfied if we take w = 1. Using this and the 
fact that Ly = 0, we see that equation (8) reduces to 


(a ot \.) ise cos (n,x) — * COS ny) ds = 0 (11) 


On the characteristic PA, which has equation (6), we have 


—|] I _ 7 
cos (”,x) mets cos (n,y) = rt ds = —/2 dx = —/2 dy 
so that 


A 
| i= cos (71,x) ae COs ny) ds = | (= dx + oh dy) = Ya — YP 
pA \Ox dy P 


Ox oy 


O <A(&-7,0) B (E+7,0) 
Figure 39 
Similarly we have 


l l a _ 
COs (1.x) = 7g? cos (1,y) = 75: ds = —V2 dx = V2 dy 


along the characteristic PB, so that the value of the integral along the 
line BP is yg — yp. Substituting these values in the equation (11), 
we get 


_ le fey oy 
ve = Hy t¥n) — 35] (Zeeoscxm) — Peos(ny)) ds (12) 


as the solution of our Cauchy problem. 
For instance, if we are given that 


w = f(x), - =p(x) ony=0 (13) 


then if P is the point (&,7), it follows that A is (¢ — 7, 0) and B is 
(€ + », 0) (cf. Fig. 39). We have 


vpa=f(é —y), ve =f(Eé+%) 


Ow Oy _ [ +7 
[.. (3 cos(x,n) — ay cos(y.)) ds = — - g(x) dx 
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If we substitute these expressions into equation (12), we obtain 
d’Alembert’s solution (cf. equation (5) of Sec. 2). 

It follows from the Riemann-Volterra solution (12) that if an initial 
disturbance, either a displacement or a velocity, is concentrated near 
the point (X9,yo), it can influence only that infinite sector of the half 
plane y > y, formed by the two lines of gradient +1 passing through 


Se 


VA VV 


influence 


Figure 40 


the point. This sector is called the initial domain of influence of (X90, Vo) 
(cf. Fig. 40). Ina similar way we can construct the domain of influence 
of another point (x,,y,), and a simple diagram, e.g., Fig. 40, shows that 
all domains of influence intersect for y 20. Ina similar way we define 


Figure 4 


the domain of dependence of a point (x2,y2) as the set of all points with 
y > 0 whose domain of influence includes the point (x5, y,) (cf. Fig. 41). 
It is easily seen that the domain of dependence of a point is the triangle 
cut off from the upper half of the xy plane by the two downward-drawn 
lines through (X2,y2) of gradient +1. These lines if produced upward 
would bound the domain of influence of the point (x,,y,). Since we 
do not, in general, consider points with y < 0, Le., events in the past, 
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it follows that it is possible to have nonintersecting domains of depen- 
dence. Consider two points (x,y) and (x’,y) whose time coordinates 
are equal. If their domains of dependence do not intersect, then the 
displacements at the points will be incoherent: they will be caused by 
initial displacements and velocities which are completely independent 
of one another. 


PROBLEMS 
1. If 
v=fQ. 2 =8) 


at a point which is moving with constant velocity Bc (8 <1) starting at 
x = Oat y = 0, show that this implies that 


ow __ as 
ay = f(y) — Bg(y) 
and show that 


_ ¢' b 
wn) = HL + pg (i423) + Hl ~B)f (: - ;) +4(1 — B) | g(y) dy 


where 6 = (€ + »)/(1 + §),a@ = (™@ — H/U — A). 


2. Using the results of the last problem show that the wave function corresponding 
to a traveling source of sound of frequency p is 


v(x,f) = 55 (l — 2) si eet ae wile (a = «10 


Interpret the result physically. 
3. A function » satisfies the nonhomogeneous wave equation 
yp = =aty 
at a TLE) 0 
and the initial conditions 


y=— =0 when y = 0 
Show that 


J 
yxy) = 5 | {7 (u,v) du dv 


where T is the triangle cut out from the upper half of the we plane by the two 
characteristics through the point (x,y). 


4. Ify.is determined by the differential equation 


where a and 6 are constants, and by the conditions 


_ _ op 
y=0, yw=f), ay = 2(x) 
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show by the Riemann-Volterra method?! that 


v(x,y) = {f( + ay) + f(x — ay)} 
1 fetay b 
+ Fa _ £(6)Jo (; V(E— xP — 5) dé 


x + ay Jo{(b/a) V(E — x) — @y?] dé 
+h | Jolla vig — x — eye 
gby ” f® Fa ae 


x 


4, Vibrating Membranes: Application of the Calculus of 
Variations 


We saw in subdivision (e) of Sec. 1 that the transverse vibrations of a 
thin membrane S bounded by the curve I in the xy plane could be 
described by a function z(x,y,?) satisfying the wave equation 


1 oz 


the boundary condition 
220 on I’ for all ¢ (2) 
and the initial conditions 
| OZ 
z=f(x%y), g =Elry) t=0, CuyleS (3) 


The two main techniques for the direct solution of this boundary 
value problem are the theory of integral transforms and the method of 
separation of variables. The first of these methods is particularly 
useful when the membrane is of infinite extent, and the second is 
useful when the boundary curve [ has a simple form. 
We shall illustrate the use of the theory of integral transforms to 
problems of this kind by: 


Example 2. A thin membrane of great extent is released from rest in the position 
z =f (x,y). Determine the displacement at any subsequent time. 
Here we have to solve equation (1) subject to the conditions 


z =f (x,y), — = 0 | (4) 


at t = 0 for all (x,y) of the plane. To solve this initial value problem we multiply 
both sides of equation (1) by exp{i(éx + ny)} and integrate over the entire xy 
plane. Then using the results 


1 f° (° /@2z @2z dz d? 
nee ee ee _ { £2 _,2 ~_ 
dn {- [- & ay" =| — ne ( os ia)? 
1 co CO - 
where L(E,nit) = 5 | { z(x,y ;teree + ™ dx dy 
—coO J—oO 


' Cf. Prob. 4, Sec. 8, Chap. 3. 
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is the two-dimensional Fourier transform of Z(x,y,f), we see that equation (1) is 
equivalent to 
a*Z 


Te + c*(& + 7*)Z =0 (5) 
and the conditions (4) are equivalent to the pair 
z=Fén, Z=0 1-0 % 


Solving (5) subject to (6), we find that 
Z = F(&,n) cos [c(é? + 7*)? 1] 


By a double application of Fourier’s inversion theorem (see p. 128) we have therefore 
eo 0 @ 
— = | [- F(é,n) cos [c(&* + )#r]e~ tee + ™™ dE dy (7) 


so that the problem is reduced to two double integrations, the evaluation of F(E,n) 
and the evaluation of (7) (cf. Prob. 1 and 2 below). 


The use of the method of separation of variables will be illustrated 
in two cases, when I is a rectangle and when it is a circle. 
When I’ is the rectangle formed by the lines x = 0, x =a, y = 0, 
y = 5, it is natural to assume solutions of equation (1) of the form 
| z= X(x)¥(y)e** 
We then find, on substituting into equation (1), that 


> & b a ) 
XY iF ¥ +k?=0 
showing that the ordinary differential equations for X, Y are 


X" +kixX =0,Y" +k2Y =0 


where eh =e (8) 
We therefore get solutions of the form 
z= Ay. . e tthe + key + ket) (9) 


Since z must vanish when x = 0, x = a, y= 0, y = b, we must take 
solutions of the form 


= p3 Amn Sin (a *) sin (= e tmnt 


where m, n are integers and 

mn 
al (" + 5 (10) 
For instance, if 


z =f (x.y), = = 0 att = 0 


then the appropriate solution is 


2(x,y,t) = 2. Amn SIN (“a 7 *) sin (7 =" COS (KinnCt) (11) 
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where Kinn 1S given by equation (10) and the coefficients A,,,, are chosen 
so that 


_ ; WAT X\ nny 
(9) = D, An sin (7 ) sin (722) 0O<x<a0<y<b 


1.€., A = ={ [ FT (x,y) sin (mr *) sin ("= ; ny) dx dy (12) 


The complete solution is therefore given by equations (10), (11), and 
(12). The frequencies of possible oscillations are given by equation 
(10). These quantities are known as the eigenvalues of k. It is only 
when k takes one of that set of values that the problem has a solution 
of the form (9). 

When the boundary curve I’ is a circle of radius a, it is best to trans- 
form to plane polar coordinates r, 6, in which case equation (1) assumes 
the form 

Oz loz tl1dz 1 @z 
Or? Fo Poe aor U3) 


and the curve I’ can be taken asr =a. If we assume a solution of this 
equation of the form | 
z= R(r)0(6)e="" 


we find that the functions R, © must be such that 


72 bam _1dR 1 dO 
R 


et 2 a 
se +F8R| + oa ° 


showing that the ordinary differential equations for R, © are 


d*?@ 
a 26.) — 
ee + mo) = 0 (14) 
@R | 1dR +( P m) Z 
and qe ts aT k a R=0 (15) 
The solutions of (14) are of the form 
~) — etm 


If the displacement z(r,0,t) is to have the obvious physical property 
that z(r, 6 + 27, t) = z(r,6,t), then we must choose m to be an integer. 
Furthermore, since for physical reasons we are interested only in 
solutions which remain finite at r = 0, we must take the solution of (15) 
to be of the form 

R=J m( Kr ) 


where J,,(x) denotes the Bessel function of the first kind of order m and 
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argument x.f In this way we build up solutions of the equation (13) of 
the form 
z= > A mud n(krye=” + tket (16) 
m,k 


If z vanishes on the circle r = a, then the numbers & must be chosen so 
that 


J AKa) = 0 (17) 

and we finally get solutions of the type 
Z= > AnmnIm(Kmal) exp {Aim6d + iky»,ct} (18) 
where A,,,, are constants and k,,, Kms, . . . are the positive roots of the 


transcendental equation (17). In the symmetrical case in which z is a 
funcuon of r and t alone the corresponding solution is 


2(r,t) = 2 AnJo(Kar en (19) 
where k,, kz, . . . are the positive zeros of the function J(ka). 
For instance, if we are given that 


z= f(r), = = 0 at tf = 0 


then the solution of the problem is 
z= > A,Jo(K,r) cos (k, ct) (20) 


where the constants A, are chosen so that 
T() — 2 A,,J (Kt) 


From the theory of Bessel functions! we see that this implies that 


A, = RS [ov (1) J (k,,r) ar (21) 


The complete solution of our problem is therefore given by the equations 
(20) and (21). 

Solutions of problems of these kinds relating to vibrating membranes 
with rectangular and circular boundaries can also be derived by means 
of the theory of “finite” transforms. For details of the derivation cf 
these solutions the reader is referred to Sec. 19.5 and 19.6 of Sneddon’s 
‘Fourier Transforms’? (McGraw-Hill, New York, 1951). 

These methods are appropriate only when the boundary curve I‘ has 


t Cf. I. N. Sneddon, “The Special Functions of Physics and Chemistry” (Oliver 
& Boyd, Edinburgh, 1956), p. 103. 

1G. N. Watson, “‘A Treatise on the Theory of Bessel Functions,” 2d. ed. 
(Cambridge, London, 1944), chap. XVIII. 
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a simple form. When I is a more complicated boundary, approximate 
values of the possible frequencies of the system can be found by making 
use of certain results in the calculus of variations. According to the 
calculus of variations,‘ if the solution of of equation (1) in the case in ges 
P is fixed is of the form f (x,y) e* “4,then the nth eigenvalue 4, 
the minimum of the integral 


rf @eo es 


with respect to those sufficiently regular functions ¢ which vanish on I’ 
and satisfy the normalization condition 


a | | # dx dy = 1 (23) 
s 
and the n — 1 orthogonality relations 


| { PPm AX dy = O (24) 


where ¢,, is the minimizing function which makes J equal to 4,,. 
This provides us with a method of determining approximate solutions 
to our problem.” If 


Z = Yo(x,yyern™ (25) 


is an approximate solution of the problem stated in equations (1) and (2), 
then if ®,,...,9, are m functions which are continuously differ- 
entiable in S and which vanish on I’, an approximate solution is 


YulX,y) = » Cyr (x,y) (26) 


where the coefficients C{” are the solutions of the linear algebraic 
equations 


S (o,k2, —T,,)C™=0 i=1,2%...,0 (27) 
j=l 
with ei J [eo ©, dx dy (28) 
0D, a®, Pua ata 
=| | | Ox Ox ly oy sl (29) 
and the first n approximate eigenvalues k,, k,, . . . , K, are given by 
1R. Weinstock, “Calculus of Variations’ (McGraw-Hill, New York, 1952), 


pp. 164-167. 
2 Ibid., pp. 188-191. 
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the n positive roots of the determinantal equation 


O4,k? = Diy 040k? — Vie — 01, a Din 
Ook? — Oo, Cook” — I'g0 =~ Conk? — Don 

=0 (30) 
Onik* ~ Dnt Ongk? — |! n2 ae Onnk” ~ Tie 


In addition the coefficients must be chosen to satisfy the normalization 
condition 
a > CM C{o,;, = 1 (31) 
4,j2=1 
If the boundary curve I‘ of the membrane S has equation u(x,y) = 0, 
a simple choice of the approximate functions ®, (@ = 1,2, . . . , n)is 
to take : | 
D, —= u(x,y), ®, — xu(x,y), ®, — yu(x,y) 
D, ore x®u(x,y), OD, ar XY u(x,y), G3 y *u(X,y), etc. 


The variational approach to eigenvalue problems is useful not only in 
the derivation of approximate solutions but also in the establishing of 
quite general theorems about the eigenvalues of a system. For details 
of such theorems the reader is referred to Chap. 9 of the book by 
Weinstock mentioned above and also to Chap. 6 of Vol. I of “Methoden 
der mathematischen Physik” (Springer, Berlin, 1924), by R. Courant 
and D. Hilbert. 


Example 3. Find approximate values for the first three eigenvalues of a square 
membrane of side 2. 

Suppose we take the membrane to be bounded by the lines x = +1, y = +1; 
then we may assume 


M=1-*1-y), O,=xl-—x)1—y*), 8 = pl — x1 — y’) 
and we find that 


256 256 

oy = 375 2 22 033 1575 12 = S93 = 931 = 0 
256 3328 

Vn =] Von = L's3 = T5755” 2 = Veg = Vg = 


In this case the determinantal equation (30) reduces to 
(k® — 5)(k* — 13)? = 0 
so that the first three approximate eigenvalues of the square are 
ky = V5 = 2.236, kg = kg = V13 = 3.606 
From equation (10) we see that the exact results are 
nV 2 wi’ 5 
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PROBLEMS 
1. Show that the solution of Example 2 can be put in the form 
2(X,y,t) — 0 [- of Pydudp 
anc J_ oy Jw Ot Ve — (x — a)? —(y— BY 


2. A very large membrane which is in its equilibrium position lies in the shape 
z= f(r) (r? =x? + y’). Show that its subsequent displacement is given by 
the equation 


2(r,t) = [ee cos (c&t)J9(ér) dé 
0 


where (6) = {" rf (r)J(ér) ar 
0 


3. A square membrane whose edges are fixed receives a blow in such a way that 
a concentric and similarly situated square area one-sixteenth of the area of the 
membrane acquires a transverse velocity v without sensible displacement, the 
remainder being undisturbed. Find a series for the displacement of the 
membrane at any subsequent time. 


4. A membrane of uniform density o per unit area is stretched on a circular frame 
of radius a to uniform stress oc’. 
When ¢ = 0, the membrane is released from rest in the position 
x = e(a* — r*), where « is small, and r is the distance from the center. Show 
that the displacement of the center at time f is 


— cos (é,,ct/a) 
end in) 


82a" 
n=1 
where ¢, 1s the nth positive zero of the Bessel function Jo. 
3. Using the approximations 


®,=1-VETy, O,=x-xVE PR O=y —yV TH 


show that the first three approximate values of the constant x in the solution 
f(rye****, describing the transverse vibrations of a circular membrane of unit 
radius, are 


K, = V6, K, = K, = V15 
5. Three-dimensional Problems 


In this section we shall consider some of the simple solutions of 
the three-dimensional wave equation 


Ll o*p 

es kes ek 
"_— c? Or? (1) 
It 1s a simple matter to show that this equation has solutions of the form 
exp {tix + my + nz + ket)} (2) 


provided that 
k? = [2 + m+ nr? (3) 
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Example 4, A gas is contained in a cubical box of side a. Show that if c is the 
velocity of sound in the gas, the periods of free oscillations are 


2a 
CVne + n2 + nb 
where Ny, No, Ng are integers. 
In this problem we are looking for solutions of the wave equation (1) valid in the 


space 0 < (x,y,z) <a and such that 0y/én = 0 on the boundaries of the cube. 
The form of » will therefore be 


Q a a 
ty, Nos Ne 


69 
cos C + ng + ni)? | 


where 7, %o, Ng are integers. It follows immediately that the periods of the free 
oscillations of the gas are 


2a 
CV n2 4 7 ng ae ng 


In spherical polar coordinates r, 6, ¢ the wave equation (1) assumes 
the form 


O*y 2 dy a. 0 (si 4 1 Op 1 ey 
ot + ror + and 369 3G) + ante ae aon 
If we let 
wr,0,¢) = V(r) P™ (cos d)e= me =the (5) 


where ‘’(r) is a function of r and P%” (cos @) 1s the associated Legendre 
function, then on substituting from equation (5) into equation (4) we 
find that ‘Y’(r) satisfies the ordinary differential equation 


ae 2d¥ nn : nn + 1) 


2 
ae Far oe eR (6) 


Now, putting 
Y =r ?R(r) 


we see that equation (6) reduces to 


d*R  1dR » (n+a)), 
tater a ” 
from which it follows that if n + 41s neither zero nor an integer, 
Rr) = AJyys(kr) + BI_n_s(kr) (8) 


where A and B are constants and J/,(z) denotes the Bessel function of the 
first kind of order » and argument z. If on physical grounds we require 
the solution (5) to have the symmetry properties 


y(r, 8 + 7, >) = v7.9.9), yr, 9, 6 + 27) = yplr,0,¢) 
then we must take m and 7 to be integers. 
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Hence the function 
yr,0,6) =r +(n +akr )Pr (cos Ae — (9) 


is a solution of the wave equation (4). The functions J, .,4.,(kr), which 
occur in the solution (9), are called spherical Bessel functions.1_ They 
are related in a simple fashion to the trigonometric functions, for 
it can be shown that if 7 is half of an odd integer 


i 
J(x) = (= | [ f,(x) sin x — g,(x) cos x] 
12) = (2) (—1"Alg@) sin x + f,(9) 008 a] 


where f,(x) and g,(x) are polynomials in x~, e.g., in the case n = 4, 
fk =1, gi) =0 and for n= %, f(x) =1/x and g,(x) = 1. It 
follows from these _ that 


y(r) = _ «eit h (10) 
w(r,0) = 2 Sa) — cos (kn) cos 6 extket (11) 


are particular solutions of the wave equation (1). 

The solution (10) is a particular case of a more general solution which 
can be derived directly from equation (1). If the solution of the wave 
equation is assumed to have spherical symmetry, i.e., if y is a function 
only of r and ¢, then it must satisfy the equation 


ay 2dy 1 ay 


a tr or oe U2) 
If we put » = ¢/r, we find that 
vp 1a 
or2 c* a? 
so that o= f(r —ct) + g(r + ct) 


where the functions fand g are arbitrary. In other words, the general 
solution of the equation (12) is 


J 
y= [Ff — et) + ar + ee) (13) 
where the functions f and g are arbitrary. 


'T. N. Sneddon, “The Special Functions of Physics and Chemistry” (Oliver & 
Boyd, Edinburgh, 1956), sec. 31. 

2 For applications of the wave functions (9) to electromagnetic theory the reader 
is referred to J, A. Stratton, “Electromagnetic Theory” (McGraw-Hill, New York, 
1941), chap. VII. 
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The function r-1f (r — ct) aaa a diverging wave. If we take 


r 


e= in (: 7 4 (14) 


to be the velocity potential of a gas, then the velocity of the gas 1s 


= = 9 seal 2) + aeeel (FY 
w= —F=pall! Tine  S 


so that the total flux through a sphere of center the origin and small 
radius ¢ is 


4re’u = f(t) + Ole) 


For this reason we say that there is a point source of strength /(¢) 
situated at the origin; the expression (14) therefore represents the 
velocity potential of sucha source. The difference between the pressure 
at an instant ¢ and the equilibrium value is given by 


Op sp ( 4 

P P 0 p a t Ary t C (15) 
Example 5. A gas is contained in a rigid sphere of radius a. Show that if c is the 
velocity of sound in the gas, the frequencies of purely radial oscillations are cé&,/a, 

where £3, 5, . . . are the positive roots of the equation tan & = . 
The conditions to be satisfied by the wave function y are that it satisfies equation 
(12), that » remains finite at the origin, and that u = dy/ér =Oatr =a. From 
equation (10) we see that the first two of these conditions is satisfied if we take 


y= A, feat 


where A is a constant. For this function 
—— oy _ 4 k cos (kr) 7 sin (Xr) piket 
Or r r? 


so that zn = Q0Oon r = a tf kis chosen so that 


tan (ka) = ka 
The possible frequencies are therefore given by the expression cé,/a(i = 1,2, . . .), 
where &,, §, . . . are the positive roots of the transcendental equation 
tané=& (16) 


Similar solutions of the wave equation (1) can be found when the 
coordinates are taken to be cylindrical coordinates (p,¢,z). The wave 
equation then takes the form 

my lo 1 Oy 2 1 0 
S +5 e455 (17) 
Op? | p Op 


p* Od? | O22 ¢ 
If we write 
y(p,$,Z,t) = R(r)O(g)Z(z)T() 
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we see immediately that the equation (17) separates into 


d*R 1dR ( , “) Z 
ae rae VO) RO 
d?@ ia. a?Z nt. a?T oe 
where y% = i — gy (18) 
We therefore have solutions of the form 
y(p,,Z,t) = J,(wpye nett ime (19) 


where y is related to & and w through the equation (18). Ifk > , so 
that y is real, we can think of the solution (19) as representing a wave of 


amplitude J,,(wp)e**”* moving along the z axis. The phase velocity of 
such a wave is 


__ ke 
v 


V 


and the group velocity’ is 
a cy 
Ww = dy (Kc) —= k 


Example 6. Harmonic sound waves of period 2nj/ke and small amplitude are 
propagated along a circular wave guide bounded by the cylinder p = a. Prove that 
solutions independent of the angle variable > are of the form 


y= etlkct — yz) Jy (=) 
Qa 


where &, is a zero of J,(€) and y* = k*? — (E%/a°). 
Show that this mode is propagated only if k > &,/a. 


Since y is independent of ¢, it follows that we must take m = 0 in equation (19) 
to obtain 


p = To(copettet—v2 


where y* = k* — w*. The boundary condition is that the velocity of the gas 
vanishes on the cylinder; Le., 


0 
wl onp =@ (20) 
Op 
Since Jo(x) = —J,(x), it follows that this condition is satisfied only if w is chosen to 
be such that J;(w@a) = 0; w = &,/a, where €,, €, . . . are the zeros of J,(€). We 
therefore have 
yp = etlket—y2) J, (Fx) (21) 
a 


where y? = k® — (&7/a?). 


For the mode given by equation (21) to be propagated we must have y real; 
1e., k > &,/a.t 


1C. A. Coulson, ‘“Waves”’ (Oliver & Boyd, Edinburgh, 1941), p. 130. 


| For the application of the theory of cylindrical waves in electromagnetic theory 
the reader is referred to Stratton, op. cit., chap. VI. 
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The solution (19) is useful in applications to problems in which the 
physical conditions impose the restriction that »y must remain finite when 
p =0. In problems in which there is no such requirement we must 
take as our solution 


Y(p.0,2,t) = [AnJm(@p) + Bn¥n(wpyler* "7 ="? (22) 


where Y,,,(wp) denotes Bessel’s function of the second kind! and A,,, B., 
denote complex constants. The most convenient solutions of Bessel’s 
equation to use in this connection are Hankel functions 


Hy (@p) = In{op) + i¥,(@p), Hyp) = In(op) — iY m(p) 
so that we may write the solution (22) in the form 
Wp,9,Z,t) os [A,, 475,’ (wp) ss B,, 1 2(wpyjet— 7 sme (23) 


For instance, in the case of axial symmetry (m= 0) we obtain 
solutions of the form 


v(p,z,t) = [AH (wp) + BH (wp)le™—™ (24) 


Now for large values of p 


3 | A 
“rer (=) eer), (wp) ~ ( \"e we ae 
es TW) p 

SO as p > ©, 
2\t 
w(p,Z,t) ~~ (—} Ae a Belthet— ee — wwe + an) 


Thus the solution 


Wo(P.Zst) = Hyr(wpyesr—” (26) 
represents waves diverging from the axis p = 0, while the solution 
pil p.z,t) = Hy (wpe (27) 


represents waves converging to this axis. 
In the two-dimensional case (¢/6z = 0) it follows from equation (16) 
of Sec. 4 that the analogue of equation (23) is 


W(p.$,t) = [Anim (kp) + BH (kp)lere (28) 

while those of equations (26) and (27) are 
Polpst) = Hy(kp)e** (29) 
and yilp,t) = Hy(kp)e** (30) 


respectively. The functions (29) and (30) play the same role in the 
theory of cylindrical waves as do the solutions (10) in the theory of 
spherical waves. 


+I. N. Sneddon, ‘The Special Functions of Physics and Chemistry’’ (Oliver & 
Boyd, Edinburgh, 1956), p. 105. 
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PROBLEMS 


A wave of frequency y is propagated inside an endless uniform tube whose 
cross section is rectangular. (a) Calculate the phase velocity and the wave- 
length along the direction of propagation. (5) Show that if a wave is to be 
propagated along the tube, its frequency cannot be lower than 


c jl 1\2 
"min 3 \ TB 
where a and 5 are the lengths of the sides of the cross section. (c) Verify that 


the group velocity is always less than c. Show that the group velocity tends to 
zero as the frequency decreases tO ymin. 


Show that the flux of energy through unit aréa of a fixed surface produced by 
sound waves of velocity potential y in a medium of average density p is 


A source of strength A cos (cf) is situated at the origin. Show that the 
average rate at which the source loses energy to the air is 


pA*o* 
Sac 


where c is the velocity of sound in afr. 


A symmetrical pressure disturbance pA sin ket is maintained over the surface 
of a sphere of radius a which contains a gas of mean density py. Find the 
velocity potential of the forced oscillation of the gas, and show that the radial 
velocity at any point of the surface of the sphere varies harmonically with 


amplitude 
A{l 
2 2. — cot ka) 


Air is contained between concentric spheres, the outer being of fixed radius 5 
and the inner of oscillating radius a(1 + «sin Xct), where « is small. Prove 
that the velocity potential of the forced oscillations of the air is 
ea°ke COS & sin (kb — B — kr) 
sin (kb — B — ka + a) r 


where « and @ are the acute angles defined by tan « = ka and tan § = kb. 


cos ket 


A rigid spherical envelope of radius a containing air executes small oscillations 
so that its center is at any instant at the pointr = bsinnt,@ = 0. Prove that 
the velocity potential of the air inside the sphere is 


(=e kr = sinkr 


kr ep? 


| cos 6 cos nt 
C= nk?a°bh 
~ Qkacos ka — (2 — k®a®) sin ka 
Show that the wave equation has solutions of the form 
yp = SO,d) RUD) 


where 
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where 6, ¢, r are spherical polar coordinates, / is a constant integer, and 


] G ] 
at 0 (z ~ 5) T Sin? 6 sin? 6 a 7Me? Db} s = 


2 
Sieh eh ies 


Verify that the last equation is satisfied by 


Rr) =r’ (=. fir = et) + gr + ct) 


r 


where f and g are arbitrary functions. 


6. General Solutions of the Wave Equation 


In this section we shall derive general solutions of the wave equation 
associated with the names of Helmholtz, Kirchhoff, and Poisson. The 
solutions of Helmholtz and Kirchhoff deal with wave problems in 
which the values of the wave function y(r,t) and its normal derivative 
dy/on are prescribed on a surface S. From Kirchhoff’s form of 
solutions of this problem we deduce Poisson’s solution to the initial 
value problem in which y and dy/?t are prescribed at time ¢ = 0. 

Suppose that 'Y’ 1s a solution of the space form of the wave equation 


VE + kev = 0 (1) 


and that the singularities of ¥’ all lie outside a closed surface S bounding 
the volume VY. Then putting 
; ek lr —r’| 
"aa . 
and this value of ‘¥’ in Green’s theorem in the form of equation (1) of 
Sec. 8 of Chap. 4, we find that if the point with position vector r lies 
outside S, then 


a eres eit lr — Fr OV (r’) = 
[POs r—r| f—r' | = ° 


On the other hand, if P lies inside S, by applying Green’s theorem to 
the region bounded externally by S and internally by C, a small sphere 
with center r and radius « (cf. Fig. 23), we find that 


ik |r — r’} eiklr — 3’ 
Levees eo 


ir —r| on 
= tim J — pa) 20 — S| ay 


and by a process similar to that employed in Sec. 8 of Chap. 4 we can 
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show that the value of the limit on the right-hand side of this equation 
is —47'(r). 

Hence we have: 

Helmholtz’s First Theorem. Jf Y'(r) is a solution of the space form 
of the wave equation V?V¥ + k®¥ =0 whose partial derivatives of the 
first and second orders are continuous within the volume V on the closed 
surface S bounding V, then 


1] ek lr — r" err’) 0 aie 

Arr oo On — FENG, ane — 

—(8@) ifreV 
=\q ifr¢ V (4) 


where n is the outward normal to S. 

Helmholtz’s first theorem is applicable in the case when all the 
singularities of the function Y(r) lie outside a certain volume V. We 
now consider the case in which all the singularities of Y lie within a 
closed surface S. If we now apply Green’s theorem to the region V 
bounded internally by S and externally by 4, a sphere of center the 
origin and very large radius R, we find, on letting R — oo: 

Helmholtz’s Second Theorem. Jf Y’(r) is a solution of the space form 
of the wave equation whose partial derivatives of the first and second 
orders are continuous outside the volume V and on the closed surface S 
bounding V, if r(x) is bounded, and if 


I 
r (= — ie ee @ 
Or 


witli with respect to the angle variables as r — 00, then 


ee) ov (r’) ania 
An ~ | {¥ 5 (For) - on |r —r' = 


Yr) ifr¢eV 
7 ‘ ifreV ©) 
where n is the outward normal to S. 

It would appear from Helmholtz’s formulas that the values taken by 
Y and o'/0n on the surface S can be assigned arbitrarily and indepen- 
dently of each other. By use of a Green’s function G(r,r’) with 
singularity at P (see Sec. 7 below) we can express ‘’(r) in terms of ‘Y(r’) 
alone through the equation 

Yr) = -+| YO ) 2 as’ 
so that knowing the value of ¥’ on the surface S, we can, in general, 
determine ‘’(r) uniquely and, in particular, calculate the value of 
oV/on on S. It can also be shown that if o'’/en is prescribed on S, 
‘¥'(r) is in general determined uniquely so that its value on S can be 
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determined. The values of Y and 0% /0n on S are therefore related. 
If the functions f(r) and g(r) are defined in an arbitrary way, then the 


function 
etklr—r'| 0 etklr— r’ | 


¥© = 3 | Opry — OE 


satisfies the space form of the wave equation, but it does not necessarily 
follow that ‘Y(r’) = g(@’), e¥/on = f(r’) on S. 
Similarly in the two-dimensional case by taking 


Y" = Hj” (klp — e'l) 


where ep = (x,y), in the two-dimensional form of Green’s theorem, we 
can readily establish the two-dimensional analogue of Helmholtz’s 
first theorem: 

Weber’s Theorem. Jf ‘’(p) is a solution of the space form of the 
two-dimensional wave equation V{¥ 4+- k?¥ = 0 whose partial derivatives 
of the first and second orders are continuous within the area S and on the 
closed curve 1 bounding S, then 


1 . mn OF(e)) ., 
re {MO ') — H§” (kle — e'|) — H§” (kle — @’)) it / ds 


Ye) ifpeS 
(10 ife¢s 


where nis the outward normal to. The proof is left as an exercise to 
the reader.! 

Helmholtz’s first theorem can be expressed in another way by intro- 
ducing the idea of a retarded value. If y(r’,t) is a function of the 
coordinates of a variable point with position vector r’, then we define 
the retarded value [y] of y by the equation 


wl=v(r,1—“), A= —y4 (6) 


where r is the position vector of some fixed point. If 


y(r’,t) _ Tir je 
then it is obvious that 


wl = verde, |S] = —iket 1 


If, now, we multiply both sides of the equation which occurs in Helim- 
holtz’s first theorem by e””, we find that if the point with position 
1 See Weber, Math. Ann., 1, 1(1869), and B. B. Baker and E. T. Copson, “The 


Mathematical Theory of Huygens’ Principle,’ 2d ed. (Oxford, London, 1950), 
pp. 50-51. 
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vector r is inside the surface S, then that equation can be written in the 


form 
wed =F |, [la G+ aa G+ a Land) 


which, because of the second of equations (6), can be written in the form 


a2 f (ad (4 22 [a2 |] as 
viet) = 7 \,{ wd 5) T Chon E Titre = ®& 
Now an arbitrary wave function y(r,7) can be expressed, either by a 
Fourier series or by a Fourier integral, as a linear combination of wave 
functions of the type ‘,(r)e and since the equation (8) does not 
contain & explicitly, it follows that it is true for any wave function. It 
can also be shown that if the point with position vector r lies outside 
S, the right-hand side of equation (8) is equal to zero. We therefore 
have: 
Kirchhoff’s First Theorem. /f (r,t) is a solution of the wave equation 
whose partial derivatives of the first and second orders are continuous 
within the volume V and on the surface S bounding V, then 


Li LahQ)-SeR]iEs© 
p(r,t) if Pr)e V 
7 ' if P(r) ¢ V 


where 4 = |r — r'| and n is the outward normal to S. 

For a direct proof of Kirchhoff’s first theorem the reader is referred 
to pages 38 to 40 of **The Mathematical Theory of Huygens’ Principle,” 
by Baker and Copson. Inthe case where the singularities of y(r,?) all lie 
outside a given closed surface we have: 

Kirchhoff’s Second Theorem. Jf y(r,t) is a solution of the wave 
equation which has no singularities outside the region V bounded by the 
surface S for all values of the time from —o to t, and if as r > o, 


(9) 


w(r,t) Pe few ; 
where f (u), f ‘(u) are bounded near u = — oo, then 
eS 0 [1 1 oA [oy) 1 [ow 7 (‘p(r) if P(ryeV 
= Je tay on (3) cA on iz — El = 0 if P(r) ¢ V (10) 


where n is the outward normal to S. 
We get a special form of these results if we take the surface S to be 
the sphere with equation 


= ir’ — r = ct (11) 
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Then at any point of S 
[vy] = 9@'.0) =f) 
where f is the value of » at ¢ = 0. ene 


where g is the value of il ot att =O. If we substitute this result in 
equation (9), we find that 


wn-E[(L4844(D lar a 


where S has the equation (11). Now if we denote by the symbol M,( /) 
the mean value of the function f over the sphere (11), then 


Ll [ gdS 
AnJds cA. = M,(8) 


and ~ te 7 2) as’ = 7 2 UM.(S)I 
Substituting these expressions in equation (12), we find that 
vert) =< [MC f)] + OM (2) (13) 
is the solution of the wave equation which satisfies the initial conditions 
ea ov =, ai (14) 


The solution (12) 1s Poincaré’s solution of the initial value problem (14). 
Equation (13) expresses Poisson’s solution. For a direct proof of 
Poisson’s solution see Prob. 2 below. 


PROBLEMS 


1. If wle,t) = V(p)e—**** is a two-dimensional function in which ‘Y(e) does not 
depend on ft, prove that 


1 av’(p’) a | © pikiu—ct) dy 
’ ae: —_ / a i eae rae d, / 
¥(P,t) = = ; t 5 TT OG, ee S 
if e lies within the closed contour I’, where p; = |e — e’ |. 
Show that if we write 


A ec! ed a ee Bs 


on Ox On Oy On On Op, On 


this result becomes 


1 a 6 © w(e,t — ufc) du 
wef) = a [ {e = 4) i, PY pa | ds 
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2. Using the principle of superposition, show that if g and F are arbitrary, 
i g(r’) jr—r'| 
rni=--—> Pit dr’ 
v(r,1) 4nc® Jy |r—r'| ( Cc . 
is a solution of the wave equation provided r is not the position vector of a 


point of V. 
Taking F(u) to be «+ when —e < u < 0 and zero otherwise, prove that 


p(r,t) ran tM,(g) 
and deduce that when ¢ = 0, 


oy 
y =), oa 


3. The function y(r,7) satisfies the wave equation. Ifat time + = 0, y = 0 for all 
r and 
| k O<r<a 


et lo r>a 


where & is a constant, use Poisson’s solution to determine the values of y and 
dp/ et at any subsequent time. 
Determine the solution also by making use of equation (13) of Sec. 5. 


7, Green’s Function for the Wave Equation 


In this section we shall show how the solution of the space form of 
the wave equation under certain boundary conditions can be made to 
depend on the determination of the appropriate Green’s function. 

Suppose that G(r,r’) satisfies the equation 


(Ps Dr laem+eacr=0 
Ox’? — dy’ — az” ° ° 

and that it is finite and continuous with respect to either the variables 
x, y, z or to the variables x’, y’, z’ for points r, r’ belonging to a region 
V which is bounded by a closed surface S except in the neighborhood 
of the point r, where it has a singularity of the same type as 


eik lr—r’| 


(2) 


F-¥| 


asr’—>r. Then proceeding as in the derivation of equation (4) of the 
last section, we can prove that, if r is the position vector of a point 
within V, then 


vO =z | {oer 


where n is the outward-drawn normal to the surface S. 
It follows immediately from equation (3) that if G,(r,r’) is such a 
function and if it satisfies the boundary condition 


Gi(r,r’) = 0 (4) 


oe ) 


eG(r,r’) 
On 


— Fr) as’ (3) 


THE WAVE EQUATION 245 


if the point with position vector r’ lies on S, then 
__ I | t 0G, (rr) , 
¥(r) = dn }s Vr ) in ds (5) 


by means of which the value of ’ at any point r within S can be cal- 
culated in terms of the values of ’ on the boundary. 

Similarly if G,(r,r’) is a function of this kind satisfying the boundary 
condition 


0G. = 
“on — Q for re S (6) 
then we obtain 
— 1 ft ove’) — 
Yr) = ra {[=@ G(r,r ) ads (7) 


a formula which enables us to calculate Y’ at any point within S when 
the value of 0Y’/on is known at every point of S. 

Similar results can be obtained in the case of a more general boundary 
condition (cf. Prob. 1 below) and in the two-dimensional case (cf. 
Prob. 2 below). 

We shall consider the special cases in which the surface S is a plane: 

Green’s Functions for the Half Space z>0. It is obvious that in 


this instance 
eiklr—r'| erkle —rt 


G,(r,r’) = (8) 


e—r] jer 
where ep = (x,y,—z) 1s the position vector of the image in the plane 
z = 0 of the point with position vector r = (x,y,z). For this function 
it is easily shown that if the point with position vector r’ lies on I, 
the xy plane, then 
0G, OG, , 0 (=) 
on =—s-s z's az \ R 


where R? = (x — x’)? +(y — y’)? + 2. It follows from equation (5) 
that if ‘Y’ = f(x,y) on z = 0, then when z > 0, 


V(x jy=-2o | (x’ ye dx! dy’ (9) 
YO) = 9 Int OIRO Y 
Similarly 1t can be shown that 
G " eke —t'| n etklO —r'| (10) 
SS oe en eT 
r—r| ler" 
so that on the plane I 
wR 
G,(r tr) = 


R 


246 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 


It foliows from equation (7) that if oV/dz = g(x,y) on the plane TI, 
then when z > 0, 


1 oikR 
T'(x,y,Z) = — an { e(x’,y) RR dx’ dy’ (11) 


We shall now indicate how the solution (11) may be applied in the 
theory of diffraction of “monochromatic” sound waves by an infinite 
plane screen which is assumed to be perfectly reflecting but which 
contains holes of arbitrary size and shape. We shall assume that the 
screen lies in the xy plane, and, for convenience, we shall denote the 
holes in the screen by S, and the material screen itself by S,. If we 
assume that monochromatic waves which in the absence of the screen 
have velocity potential ‘Y’,(r)e** are incident on the positive side of the 


Figure 42 


screen (cf. Fig. 42), then the reflected and diffracted wave produced by 
the screen will have a velocity potential of the form ‘’g(r)e**’, and the 
total velocity potential of the sound waves will be ‘’(r)e“*’, where 


Hn) = Ye) + ¥s@) (12) 
The boundary conditions of the problem are that, on the material 
of the screen, the normal component of the velocity of the gas must 
vanish, 1.e., that 
Vy oF, 
Oz OZ 
and that, in each aperture, the total velocity potential must be equal 
to the incident velocity potential, i.e., that 
Ys =O ond, (14) 
To solve this problem we suppose that on. S, 


on S, (13) 
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If we substitute the value for (d¥,/0z),.) obtained from equation (15) 
into equation (11), we find that 


1 f (ov, eR 
F(t) a ar TI ( Oz" ) R dx dy 
I pay oo hone 
~ 57 eI OR dx dy (16) 


Now if we put f(x’,y’) =0 in equation (16), we get the solution 
appropriate to the problem in which the screen has no holes, and this 
must yield the velocity potential of the waves reflected by an unper- 
forated screen occupying the entire xy plane. It 1s readily shown that 
if z > 0, this velocity potential has the space form ‘Y’,(e), where 
ep = (x,y, —z) 1s the position vector of the image in the plane z = 0 of 
the point with position vector r = (x,y,z). Hence if z > 0, we must 
have 


1 ee kR 
¥O™=V0+%e)——| soy a'd’ 


We have still to ensure that the condition (14) is satisfied. To achieve 
this we must choose f(x,y) so that when (x,y,0) belongs to S, 


—tka 
[. f(xy) — dx’ dy’ = 2n¥ (x, y,0) (18) 


where 4 = +-V(x — x’? + (y — yy’. 

Hence when z > 0, the solution of our diffraction problem is given 
by equation (17), where the function f(x,y) satisfies the integral equation 
(18). 

We can deduce the solution in the case z <0 very easily. If we 
superimpose the solution of the problem in which waves with velocity 
potential ‘Y’,(e)e”* are incident on the negative side of the screen, 
we find that the resulting solution [Y’,(r) + Y’,(e)le"" automatically 
satisfies the boundary conditions (13) and (14). Hence we have the 


relation 
Fr) + P(e) = Fie) + FiCe) 
from which it follows that if z < 0, 
| eo kk 
YO) = 5 |. foe) Ge ax ay (19) 
where f(x,y) again satisfies the integral equation (18). 


PROBLEMS 


1. The function G,(r,r’) satisfies (V? + kG = Oand is finite and continuous with 
respect to x, y, z or x’, y’, 2’ in the region V bounded by the closed surface S$ 
except in the neighborhood of the point r, where it has a singularity of the same 


248 
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type as e*lr—r'l/lr —r’] as r >r. It also satisfies the condition that 
0G,/0n + hG, vanishes on S, # being a constant. 
If ¥(rje*"** is a wave function satisfying the condition 


ay 
en X ——s 
5 TAY =f 


for points on JS, show that 


I eee 
Yir) = re [ ro )G,(r,r ) as 
If G,(e,e’) is such that 


g* Qe ; 
axe tT Rat * G, =90 


with p = (x,y), e’ = (’,y’) and is finite and continuous in the plane region S$ 
bounded by the curve I except that it has a singularity of type H'3’(k |e — e’)) 
as ep’ > pe, and if G, = 0 on I’, prove tnat 


0 
¥(e) = La | ¥(0’) td as 
Ai it on 
If G,(e,e’) obeys the same conditions as G,(9,e’) except that 0G,/0n = 0 and 
G, + 0 on I’, prove that 


Ye) =- = { i G.(e,0’) ds 


Monochromatic sound waves of velocity potential ¥,(r)e***’ are incident on the 
positive side of a perfectly conducting screen in the xy plane which has a small 
aperture S, at the point (0,0,0). The dimensions of the aperture are small in 
comparison with the wavelength 27/k of the incident wave. Show that at a 
great distance r from the aperture on the negative side of the screen the velocity 
potential is given approximately by 


—ik(r—ct) 
Wr,t) = Ae 
] 
where A = a |, fou dx dy 
aad [ __ fy) dx! ay” 2n'¥’(0,0,0) 
Ss, Vx -—-xP4+ -y? 


Deduce that A = C'¥,(0,0,0) where C is the capacity of a conducting disk 
which has the size and shape of the aperture Sj. 


Monochromatic waves of velocity potential Y,(r)*°* are incident on the 
positive side of an infinite perforated screen occupying the plane z = 0 of such 
material that the total velocity potential vanishes on the screen. Show that the 
velocity potential P(r)e’*** is given everywhere by 
eo tkR 
dx’ dy’ 


1 t 
X =: : ae es a 
where R= V(x — x’)? +(y — y’)? + 2° and f(x,y) satisfies the integral 


equation 


faxiy) Zs dx’ dy’ = 2n'¥’(x,y,0) 
S> 
when (x,y,0) is a point of S», the screen itself, and4 = V(x — x’)? + (y— yy. 
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8. The Nonhomogeneous Wave Equation 


The second-order hyperbolic equation 


Ly = f(r,2) (1) 
h bet ey (2) 
wnere — m OF 


which arises in electromagnetic theory and other branches of mathe- 
matical physics is called the nonhomogeneous wave equation. It is 
readily seen that if y, is any solution of the nonhomogeneous equation 
(1) and y, is any solution of the wave equation, then 


y= Wy + Pe (3) 


is also a solution of equation (1). 

Suppose that a function y satisfies equation (1) in the finite region 
bounded by a closed surface S and that we wish to find the value of the 
function at a point P, with position vector r, which lies within S. If 
we denote by Q the region bounded by S and the sphere C of center P 
and small radius ¢, we may write Green’s theorem in the form 


Jw —evnnar = (f+ J )rs— 83) 


where the normals n are in the directions shown in Fig. 23. In equation 
(4) we take y(r’) to be a solution of equation (1), so that 


/ l 0" Sf ? 
V(r) = 55 we) — fOr 5) 
and assume that 


$= F(t 4H) (6) 


ir —r C 


where 7?’ is a constant and the function Fis arbitrary. It follows that 
Lé = Q, so that 


V4 =4a5 (7) 
Substituting from ave (5) and (7) into equation (4), we find that 


“(L- ee a an) OS 


If we now integrate with respect to ¢ from — oo to +00 and assume that 
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yp, Op/ot vanish for t = -. 00, we find, on interchanging the order of the 
integrations, that 


Jn (| rena) = (J, + | ){I (van — #39) 4] a” © 


It is readily shown that 


KU : . (» <- sd a aS* = 4r | accuse — t') dt + O(e) 


on 
(9) 
and that 
>, Oy | 
(Ieee - 
ds’ ° O(r’,t) (1 ir — kori) 
g =i _o On Puce + dj (10) 
and 


Cc 
» A F(t. ni +t) ar (11) 


So far the function F has been arbitrary. Suppose we now assume that 


J 
F(x) = 2n 
O otherwise 


_ oe iss /. @ ] 1 Op(r’,t) I 
i [as __ vt 1) aa r’| Ot 


—NSXSYN 


Then, using the mean value theorem of the integral calculus, we find that 


| S@.08 de => 


so that 


[a ([7_seeso at) = J eee 2 + 0m) BO 
(12) 


mor f(r’, yal Tl + 647] —1<6,<1 


—r 


Similarly, from (9) we have 


hid. (v * - 4 at} dS’ = dry(r, t' + 94M) (13) 
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where —I < 6, < 1, and from equations (10) and (11) we have 


r—r' 

. , Ow (r' ae nt | + 637) 
Lf. 4} 4s’ =|, == 
S — on s lr —r' 


On (14) 
Jel)? ae} 


_ py ee do] 
= |, 4s i (rs 7 on ir —Y' 
l a oe | fa 
~2So(r,1 + 64) r —r' an (15) 


where —1 < 63,6, <1. Substituting from equations (12), (13), (14), 
and (15) into equation (8) and letting 7 + 0, we find, on replacing 7’ 
by ¢, that 


and 


rr 


- [fl dr’ 


a |r —r' 
] =| I 0 i 
An i Be Ir — "| T vl ir — x" 
1 cd 1 ar—r' 
C 3 r—r'] on | as (16) 


where [f] denotes the value of the function f at time ¢ —|r —r’|/c. 
In particular the solution of equation (1) satisfying the conditions 


p(r,t) = 


Oy 
=>, =0 


es 


on § 


1S 


w(r,t) = (17) 
Because of its physical interpretation [f] is known as the retarded 
value of f, and the expression on the right-hand side of equation (17) 
is called a retarded potential. It will be observed that by a simple 
change of variable in the integral on the right equation (17) can be 
written in the form 


) = +{. fact+y, = — |r’ 9) 4, (18) 


The equation (17) may be established by means of the theory of 
Fourier transforms; for a proof by this method the reader is referred 
to Sec. 39.2 of Sneddon’s “Fourier Transforms.” 


yr, 
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It should be emphasized here that the derivation of equation (17) 
which we have given is not rigorous. Among other things, we have 
supposed the arbitrary function F to be differentiable and have then 
taken a form for F which does not satisfy this condition. In fact the 
final # we have chosen is not a function at all in the ordinary sense of the 
word but a Dirac delta function.’ We shall give a rigorous derivation 
of this formula in the next section. In the remainder of this section we 
shall merely indicate how the solution may be applied to the solution of 
specific problems. 

We saw in Prob. | of Sec. 2 of Chap. 3 that Maxwell’s equations of 
the electromagnetic field possess solutions of the form 


H = curl A, EK = — — grad ¢ (19) 


where the vector potential A and the scalar potential ¢ satisfy the 
nonhomogeneous wave equations 


7 al (20) 
Lp = 4p (21) 


respectively. In these equations i denotes the current density, and p is 
the space-charge density. It follows immediately from equation (17) 
that if A, ¢, cA/ot, and ¢¢/¢ét vanish on the infinite sphere, then 


1 [i] dr’ 
a “| Tow fr-r| (22) 
[p] az’ 
and p= [aS — (23) 


where the integrals are taken throughout the whole of space. 


Example 7. Determine the vector potential and scalar potential at a point r due 
to a point charge q at the point ry moving with velocity v (v <c). 

We may suppose that a point charge q is distributed uniformly throughout the 
volume of a small sphere of radius «. We may therefore write 


in) =gf@v), pt.) =9 fr) (24) 
where = arg ; =f — fr = Fol (25) 
dt c 
3 
- f@ = a if |r —ro| <« 
0 if |r — rp] > 


Substituting in equation (22), we find that 


aces 

SS 

3q | c dr’ 
S 


rr" 


* I. N, Sneddon, “Fourier Transforms” (McGraw-Hill, New York, 1951), p. 32. 
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where SS is the sphere |r’ — rg] < «. If we make the transformatior 


Z4,7) =A =r —fy 
in this integral, then since 
OA Ox, Or’ x" —x 
oe ee sc on he en a 
ax’ er’ ax clr —r’ 
we find that for small values of v/c 
OA,u,y) ;_Vwe- r’) 


dr’ dA du dv 
and 
v(1— EBA) ca du 
A = 3g Cc 


 Aned sc|r —Y¥p —A —v°(r —Irg —A) 


S having equation [A] = « in these coordi- 
nates. Making use of the mean-value 
theorem and letting ¢ — 0, we find that 


_ qt’) 
where we have written R =r, —r, =? 
— Ric. 
Similarly we have, for the scalar potential, 


4 = 24 { da du dv 
Ss 


~ re? clr — rg — Al — v°(r —Ir9 —A) Figure 43 
which becomes in the limit « > 0 
- “1 
= R-R- v(t’) 27) 


In the nonrelativistic range of velocities v < c we have the approximate expressions 
_ Wet) _4 28 


The potentials given by equations (26) and (27) are known as the Lienard-Wichert 
potentials. 


PROBLEMS 


1. A current is suddenly started at time ¢ = 0 in an infinitely long straight 
conducting wire, and its magnitude at a subsequent time ¢ is i(t). Show that 
at a point P distant r from the wire the vector potential A at time ¢ is zero if 
r > ct but that if r < ct, A is directed along the wire and has magnitude 

2 ft—re i(r) dr 


jy VES rie 
2. If f(r) is the limit as « > 0 of the function 
3 
fa _ Anes [r| <€E 
0 jr| > 
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show that 


Y (r, 7) = tae 


is a solution of the equation Ly = f(r)e~****, 
3. The D function of quantum electrodynamics satisfies (L + k*)D = 0 


and the initial conditions D(r,t) = 0, @D/@t = f(r) at t = 0, where f(r) is 
the function defined in the last problem. Show that 


0 


Dr,t) = — ino 3p Ee 


where the function F(r,/) is defined by the equations 


J y[k(c#2? — r?)?] ct>r 
Fr,t) = <0 —r<et<r 
—J [k(c2t? — r?)?]  39ef < —r 


9, Riesz’s Integrals 


It was observed in the last section that the derivation of equation (17) 
of that section was not rigorous. In this section we shall give a brief 
account of a method due to Marcel Riesz which provides a rigorous 
proof of this formula and also of the corresponding two-dimensional 
problem. We shall also indicate how the method can be applied to the 
solution of Poisson’s equation. 

In two short papers! read at the Oslo congress in 1936, Riesz intro- 
duced two generalizations of the Riemann-Liouville integral of fractional 
order. The first generalization associated with the operator 


r 02 ; 
is 
I'y — Se. . | Y ‘t).R” 4 dr’ d 2 


where dr’ = dx’ dy' dz’, R'=(t —t’?—|r—r', and D is the 
hypervolume bounded by the hypersurface R = 0 and the hyperplane 
t' = 0. The time variable ¢ is always reckoned to be positive. 

The fundamental properties of the integral (2) were stated without 
proof by Riesz, but brief indications of proofs of these results under 
conditions sufficiently general for their use in theoretical physics have 
been given by Copson.? If the function y is continuous the integral [”y 
is an analytic function of the complex variable n for R(v) > 2. The 


1M. Riesz, Compt. rend. congr. intern. math., Oslo, 1936, vol. ii, pp. 45 and 62. 
2 E. T. Copson, Proc. Roy. Soc. Edinburgh, 59A, 260 (1943). 


THE WAVE EQUATION 255 


characteristic properties of the Riesz integral (2) are expressed by the 
equations 


[°[™y = [™"y (3) 

LInty = Ty (4) 
If y and dy/dt vanish when ¢ = 0, then 

Imtly = Ip () 

lim Pry=y» (6) 


Comparing equations (3) and (4), it appears that, in some sense, the 
operator L is J-*. 


In the particular case n = 2 it can be shown by simple changes of 


variable that 
Py(r,t) = ~| Me a (7) 
r’ 
where the integration is taken over 0 < |r'| < t. 


As an example of the use of these results we consider the problem of 
solving the nonhomogeneous wave equation 


Ly = f(r,t) t>0 (8) 


subject to the initial conditions y = oy/ot =O at t =0, it being 
assumed that f and of/ot are continuous. It follows from equation 
(5) that 

Py = [tef 
If, now, we let 2 > 0 and make use of equations (6) and (7), we find 
that 


er a 0) 


in agreement with squation asi of the last section. It will be observed 
that this is precisely the solution we should have obtained if we had 
interpreted: L as J-* and proceeded symbolically. 

For the corresponding two-dimensional problem associated with the 
operator 


ak 
= ar Vi (10) 
Riesz introduced the integral 
I | —3 f , 
n _ fot n f 11 
Liyp(p,t) n(n _ 1) > 0 if) RY ax dy dt ( ) 


where e denotes the plane vector (x,y), 
Ri = (t — r’P — |p — e'P 
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and D, is the volume in the x'y't’ space bounded by the plane 7’ = 0 and 
the cone 


le-e']=+¢-2) 
This integral has the properties 


nity = Betty (12) 
LUT y = Tip (13) 
lin Zip = y (14) 


2-0 


from which it follows that a solution of the monhomogeneous two- 
dimensional wave equation 


t! 


{ p,t) 


fy NN y’ 
a ce mene 
x! 
Figure 44 
| Liv(e.t) =f(ef) t>0 (15) 
iS 
I ‘,t') dx’ dy’ dz’ 
p(e,t) = an | i dail! Maa (16) 
Tw Dy R, 


The second Riesz integral, associated with the operator V?, is defined 


by the equation 
At ai 1(e — $n) at 
Jy() = | Ms (17) 
2 T (hn) fr—rP 
the integration being taken over the whole ee space. Ifyisa continuous 


function such that J"y exists in a strip 0 < R(m) < k of the complex 
n plane, then 


Tm]ry = Jminy (18) 
VAyrtey = —J™y (19) 
lim J"y =y (20) 


N-> +0 
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Thus if we have to solve Poisson’s equation 


V'y(r) = —47p(t) 


then operating on both sides of the equation by J**? and letting n > 0, 
we find that 


yr) = 4rJ* p(t) 
which from equation (10) becomes 


/ a: / 
ve) = | FOS (21) 
PROBLEMS 


1. Show that the solution of the equation 
(L + k* yO) = fed 
with y = dy/dét = 0 when t = 0, can be written symbolically in the form 


wet) = > (-lrtkerpette 
r= 
Deduce that 
I {Qe Ir — r’l) dr’ k | f@e) a 
w(r,t) = nn { rs a re - R J (AR) dr’ dt 


where R? = (¢ — #’)? — |r — r'[?, Vis the volume for which O < |r — r'| < 
and D is the hypervolume bounded by R= 0 and t’= 0. 


2. Show that the solution of the equation 


(Ly — k*)y(e,t) = f (0,2) 
with y = dyp/eét = 0 when ¢ = 0, can be written symbolically in the form 


yet) = > Keri T*f(o,) 
r==Q 

Deduce that 

J cosh(KR 

w(e,f) = ae | fet’) ene ax’ dy’ dt’ 
™ JD 
1 

where Ri = (t — t’)? — |p — ep’? and D, is the volume in the x’y’t’ space 
bounded by the plane t’ = 0 and the cone Rj = 0. 


10. The Propagation of Sound Waves of Finite Amplitude 


The problems of wave propagation which we have been considering in 
this chapter have been concerned with linear partial differential 
equations. We shall conclude this chapter by considering an important 
nonlinear problem, that of describing the motion of a gas when a 
sound wave of finite amplitude is being propagated through it. We 
shall consider only the one-dimensional problem, since it lends itself 
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to a simple linearization procedure and provides a useful illustration 
of the use of the Riemann-Volterra method and of a complex variable 
method due to Copson. Even this simple problem has important 
applications in aerodynamics ancl astrophysics. 

The one-dimensional motion of a gas obeying the adiabatic law 


Perr (1) 
is governed by the momentum equation 
Ou Ou 1 op 


ap 


at! oe” a Ox (2) 


and the continuity equation 
Op Op Ou 
ot Ox PRT 


If we introduce the local velocity of sound c through the relations 


0 (3) 


c? = + = kyp’ (4) 


ra rn i a (5) 


and that equation (3) becomes 


2 OC =| Ou 
—=4 (5 Uae! * te (6) 
If we let 
Cc C 
a 1 (7) 
1.e., if we put 
c=}y—-Dr+s), uw=r—s (8) 


then the equations (5) and (6) reduce to the pair 
or or as Os 
ay t Gr + Bs) = =0, 3, — (as + Br) = = 0 (9) 


where « = }(y + 1), B = iy — 3). 

The quantities r and s defined by the pair of equations (7) are called 
Riemann invariants. If one of the Riemann invariants is a constant, 
then one equation of the pair (9) is an identity, and the other is a first- 
order equation of Lagrange type, by means of which the other invariant 
may be determined. The gas flow corresponding to the solution so 
obtained is called a simple wave. For instance, if r is constant, then . 


x + (as + Br)t = f(s) 
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where the function fis arbitrary, and if s is constant, 


x — (ar + Ps)t = g(r) 
where g is arbitrary. 
‘Riemann showed that if r and s are taken as independent variables, 
the problem can be linearized. If x and ¢ are expressed in terms of r 
and s, then it is readily shown that 


Or ot Or, OX is Os Ox 
ox ‘ds ot © as Ox “Or Of * OF 
where J = O(r,s)/0(x,t). If we substitute these expressions in equations 

(9), we find that these equations may be written in the form 


Aix —(r +P] + 6t=0, She +s + fr] — pt =0 


from which it follows that these equations are satisfied if we express the 
original independent variables x and ¢ in terms of r and s by the 
equations 


re) ”“ 
ae ee eee bea hc AR et wie (10) 
or Os 
where the function ¢ satisfies the equation 
07d N ( Op =| 
oe Fas T 35 = (11) 
_.  b _ 3-Y¥ 
in which = S78 iG =D (12) 
2N + 3 
so that Y =ay 14 (13) 


If N is a positive integer, a solution of equation (11) can be obtained 
in closed form. Consider the expression 


— OFT F (4) 
*  Or¥—L ir + s)* 
where the function f(r) is arbitrary. By direct differentiation it is 
readily shown that 


O"y N_ (21 , 04 
or Os (+ 
_vyl__fO N [= fr) Vy ®* _ f© 


a (r+ sti Tyg or (r+ sh ar¥—1 (py + 5) 41 
Now if we write 


——w 


fy) __ IM 


r+ Gaya’ +9 
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and make use of Leibnitz’s theorem for the nth derivative of a product, 
we find that 
A, mf) a fO 
me “VU +S oa Gorn tN ag yn 
from which it follows that ¢, is a solution of equation (11). A similar 
solution can be obtained by interchanging rand s. We therefore have 


wt fo, &* _ 

f(r,5) = opi (r+ 5)% + A oN-1 (r + sy" (14) 
where f(r) and g(s) are arbitrary, as the solution of the linear equation 
(13) mm the case in which N isa 
positive integer. Inthe case N= 1 
we have the simple solution 


_fM+e 
or 5) ‘+3 y + 5 
For general values of the con- 
stant y, N is not an integer, and 
so recourse has to be made to 
some other method of solution, 
such as the Riemann-Volterra 
method. It follows from the 
analysis of Sec. 8 of Chap. 3 


Figure 45 that, in the notation of Fig. 45, 
the solution of eae (11) is 
— 0p N | , Nw | | 
be =dove—|] |v {cSt das +6 { | 


where ¢, 0¢/ dr, and 0¢/ 0s are prescribed along a curve C in the rs plane 
and the Green’s function w(r,s;r’,s’) is determined by the equations 


; O2w | w ) | W ) = 

' arose es) “as ees) ~° 
- OW N 

(11) are a when s = s 

= Ow N 

(111) ala when r =r 

(iv) w= | whenr =r ands=s’ 


It can be shown that 


w(r,s3r',s’) = (i= )" Fl — N,N: 1; (15) 
P=—Tis sz) 


where E=— — 


Ft Mr +5) U8) 
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An alternative method of solution has been devised by Copson,? using 
the theory of functions of a complex variable. It is easily proved that 
the function 


ges 


o(r,5) ia (z i ry*(z als s)* 


is a solution of Riemann’s equation (11). Furthermore if r and s are 
real and N is not an integer, this solution is an analytic function of the 
complex variable z, which is regular if the z plane is cut along the 
segment of the real axis which joins the points 0, r, —s. We may then 
consider the branch of this function which is real and positive when z 
is real and greater than 0, r, and —s. Therefore, if f(z) is an analytic 
function which is regular in a region containing the real axis, and if C 
is a simple closed contour _ the cut, then 


z°" F(z) dz 
109) =55 |e ae TF 7 
is also a solution of the partial differential equation (11). Substituting 
this expression in equations (10), we find that 
N "ae 


a (ar + Bs)t = ni ae (z—p/*tig +5) (18) 
N 2°" f(z) dz 
a ae (as a Br)t = oer ; o(z —A*(z + 5)¥F1 (19) 
from which it follows that 
N 2°" F(z) dz 


{= a 
(a + P) (Uni dc (z—r)***z+5)*t! 
Now in a state of rest the velocity u is zero so that r= s. Hence if 


the solution (17) is to represent a motion of the gas in which the initial 
state is a state of rest, the function f(z) must be chosen to satisfy the 


integral equation 
2°N F(z) dz 
re Pye 9 
where I is a simple closed contour surrounding the cut |R(z)| <r. It 
is readily shown that this implies that f(z) is an even function, and 


conversely. 
Suppose that when tf = 0, x = x,(r); then equations (18) and (19) 


show that 
lik sn 2" F(z) dz N 2" F(z) dz 
= = r(iz—r**z 4+ n/¥ ir (ze — NX (z + NYT? 


from which we obtain by _ the symmetrical expression 
via V+1 2) dz 
xr) = a (20) 


= r (z? — p?y¥* 


‘ E. T. Copson, Proc. Roy. Soc. London, 216A, 539 (1953), 
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Equation (20) can be regarded as an integral equation for the deter- 
mination of f(z) when x,(r) is known. Copson has shown that the 
solution of this equation is 


aul 6) 2" r(z? — r*)*—!x,(r) ar (21) 


provided that x,(r), regarded as a function of the complex variable r, is 
an even function regular in a region containing the real axis. Equation 
(17) then gives the required function ¢(r,5). 


PROBLEMS 


1, In the problem of the expansion of a gas cloud into a vacuum the initial con- 


ditions are 
r=s = F,(x) x < 0, 7,(0) = 
Show that 


Ou 7 dr 
(¥) —2(y — 1)ro(x) ae 


Hence show that if ro(x) < 0, the cloud expands into the vacuum. 


2. If the face of the expanding cloud has advanced into the vacuum and is at 
x = x,(t), show that the conditions r = —s = r,(t) hold there. Deduce that 


z2N _22N F(z) dz 
ss laa i Ani an (z — (z —r)2N+1 


N z2N F(z) dz 
where (x + Bt = — 5 o, @ — yer 


and C, is a simple closed contour surrounding O and ry. 
Prove that x, = 2r,; 1.e., the velocity with which the face of the cloud 
advances is equal to the particle velocity at the face. 


3. If N = 4, prove that 
1 d? 
= 2r,t +5 = fh Patt ar ify) 
4. Wf initially r =s = ot x <0, prove that 
7 [Nr? — 2(N + Drs + Ns?*], t= | Nn + 1)(r — s) 
Lu 2u 


Deduce that the position x, of the face of the cloud at time ¢ is given by 


bt? 
2N +1 


xy = 


MISCELLANEOUS PROBLEMS 


1. Two very long uniform strings are connected together and stretched in a 
straight line with tension 7; they carry a particle of mass m at their junction. 
A train of simple harmonic transverse waves of frequency » travels along one 
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of the strings and is partially reflected and partially transmitted at the junction. 
Find the amplitude of the transmitted wave, and prove that its phase lags 
behind that of the incident wave by an amount 


tan | 2rvmncc’ 
T(c + c’) 


where c and c’ are the velocities of propagation in the two strings. 
Verify that the mean energy of the incident wave is equal to the sum of the 
mean energies of the reflected and transmitted waves. 


A uniform straight rod of mass m and length / is free to rotate in a horizontal 
plane about one end A, which is fixed on a smooth horizontal table. The 
other end of the rod is tied to one end of a heavy string. The other end of 
the string is tied to a fixed point B on the table so that AB = 2/. Initially 
the rod and the string are in a straight line, in which position the tension in 
the string is F, and its density is p per unit length. The system is set in motion 
so that it performs small transverse vibrations in a horizontal plane. 

Show that the periodic times of normal modes of vibration are given by 
2nl/c&, where € satisfies the equation 


ttané = 2! 
mp 


A uniform string of line density p and length / has one end fixed and the other 
attached to a bead of mass m free to move on a rough rigid wire perpendicular 
to the string. The rough wire exerts a frictional force on the bead equal to 
z times its velocity. If x = 0 is the fixed end of the string, and if the effect 
of gravity can be neglected, show that the displacement of any point of the 
string in transverse vibration can be expressed as the real part of e%7+*)y(x), 
where p satisfies the equation 


mp — Iu = Cp cot 
If » is small, show that the approximate value of p is 


ifs 


- m + pl cosec? nl/c 


where.mn = cp cot ni/c. 


A cylindrical tube of small radius, open at both ends, 1s divided into two parts 
of lengths /,, 4, by a piston of small thickness 6 and density o attached to a 
spring such that in vacuo the period of vibration is 2x/m. Show that when the 
tube is in air of density p, the period of vibration becomes 27/n, where 


nl nl 
o(m*? — n*)5 = pen tan “ + tan - 


and c denotes the speed of sound. 


Show that the only solution of the one-dimensional wave equation which is 
homogeneous of degree zero in x and ¢ is of the form 


A log (==) + B 


x + ct 


where A and B are arbitrary constants. 
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6. Finda solution of ay/ ar? = c*(@y/ax*) such that: 
(i) y involves x fiend 
Gi) y =0when x = 0 or 7, for all values of f; 
(iit) oy/et = 0 when ¢ = 0, for all values of x; 
ysis Bom 6 = 0 99 9/2 _ 
iv) y =Ofrom x = 2/2 tox =7 when f = 0. 
7. ‘Two equal and opposite impulses of magnitude J are applied normally to the 
points of trisection of a string of density p per unit length stretched to a tension 
T between two points at a distance / apart. Derive an expression for the 


displacement of the string at any subsequent instant, and show that the mid- 
point of the string remains at rest. 
8. Find a solution of the equation 
Ley ey 
c2 ar ax? 


such that V = 0 when x = O or x = a for all values of ¢ and that @V/er = 0 
when tf = Oand V = E when t = 0 for all values of x between 0 and a. The 
quantities a, c, and E are constants. 


9. Find a solution of 
O° = 
axe sag? 
satisfying the conditions u = du/eét = 0 when ¢ = 0. 


10. One end of a string (x = 0) is fixed, and the point x = a is made to oscillate 
so that at time ¢ its displacement is Y(t). Prove that the displacement of the 


point x at time ¢ is 
f(ct — x) — f(ct + x) 


where fis a function which satisfies the relation 


f(z +2a) =f() — Y = - 


for all values of z. 

A string is constrained to move in two different ways; in case | the point 
x =a is given a displacement Y(r), and in case 2 the point y = 6 is given 
an identical displacement. It is found that the shape of the string in case 1 
is identical with that in case 2 at all times; show that the displacement at 
x = 6b in case | is equal to that of x = a in case 2. 


11. Show that the equation governing small transverse motions of a nonuniform 
string is of the form 


where c is a function of x. 
Show that a solution of this is y = f(x,4) + F(x,4), where 


ae lef 1 a OF 1 OF 
as F sa ais 
ox" cot 2€¢ ax a ax ox c Ot 
and interpret this, in a region in which @c/@x is small, as the sum of two 
progressive waves whose form is slowly altering. 
An infinite string is such that c is constant if x <0 or x >a; between 
x = 0 and x = a, (a/c) @c/@x is everywhere small. A wave y = f,(t — x/c) 


12. 


13. 


14, 


15. 
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is propagated along the string from x = —0oo, Show that a first approxima- 
tion to the form of the string is given by f(x,7) = fo(t — %), F(x,t) = 0, where 


L 
Q = | c* dx, and that a second approximation is given by 
0 


f =folt — O{1 + Flog c(x) — log cO)}}, F=¢(t + 6, x) 


where 4(u,x) is given by 
a ; 
(ux) = 5 | flu — 26) dx 


A string of nonuniform density p(x) is fixed at two points x = 0 and x =a, 
the tension of the string being c’py. If the density p(x) varies only slightly 
from the value po, show that, to the first order of small quantities, the normal 
periods of vibration are 


a [po + p(x)] sin? dx 
rCpo 


and the normal functions a“ from a _ factor) are 


SX 
sin - — x45 20, =—— 3 in—- 
© ser 


where r, s are positive integers and 


a& 
i. = | eo — } sin (22) sin (=) dx 
J/0 | Po a a 


A. uniform string of mass M is stretched between two fixed points at distance 
a apart, and carries a small mass «M at a distance 5 from one end. Show 
that, to the first order in «, the periods of the normal modes are 


= { + ¢ sin? (72) 
rC a 


and the normal functions are proportional to 


z raTxX : rab r= ; sab : STIX 
sin | — J] + 2e sin [| — ae SU be SI 
a a 8 oft x S = a a 


Deduce that if the particle is attached to the mid-point of the string, the 
period of the rth normal mode is unaltered if r is even. 


A uniform string of line density p is stretched at tension pc* between two 
fixed points at distance a apart. If the mid-point is constrained to vibrate 
transversely so that its displacement is € cos nt, where e is small compared with 
a and na/c is not a multiple of 27, find the displacement at any time of all 
points of the string in the resulting forced vibration. 

Also show that the mean kinetic energy of the string is 


1.9 [na _ na > {na 
gnce" | — — sin — } cosec* | — 
c C 2C 


A string of length /, with its extremities fixed, is initially at rest and in the form 
of the curve y = Asin mnx/l. At t =0 it begins to vibrate in a resisting 
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16. 


17. 


18. 
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medium. Given that the differential equation governing damped vibrations is 


show that, after time /, 
y = Ae* os mt + =. sin mt sin —— 
where 
MP2 
OR ge 

A string of length / is vibrating in a resisting medium. The end x = 0 
is fixed, while the end x = 7 is made to move so that its displace- 
ment is Acos (mct/l). With the notation of the last problem prove that if 
ki/c is small, the forced oscillation of the string is described by the equation 


y = Acosech (X!) 


x si (=) cosh (=) sin (72 — Cos (7) sinh uaa COs ("=")| 
l Cc | 1 c 


Flexural vibrations of a uniform rod are governed by the equation 


aty = 1 ay 
axt © ke ar 


= 0 


where & is aconstant. Show that if y = XT, where X is a function of x alone 
and 7'a function of t alone, then T may take the form A sin (Akt + «), where 
A, 4, « are constants. 

Show that if y = d@y/éx = 0 when x = 0, then 


X = B(cos px — cosh px) + C(sin px — sinh px) 


where p* = A and B, C are constants, and that if also y = 0y/@x = 0 when 
x =a, then 
B(sin pa + sinh pa) = C(cos pa — cosh pa) 


and cos pa cosh pa = 1. 
By means of a rough sketch, show that this last equation gives an infinite 
number of values of 4. 


If A(t) denotes Heaviside’s unit function 


0 < 
a =| ie 


and if p(é) is the Laplace transform of a function y(¢), show that e—*f(€) is the 
Laplace transform of the function y(t — a)H(t — a). 

In the equation defining the current i and the voltage FE in a cable [equations 
(3) and (4) of Sec. 2 of Chap. 3] R/L = G/C =k, where k is a constant. 
Both & and i are zero at time ¢ = 0, and E = £,(¢) forx =0,¢ >0. IfV 
remains finite as x tends to infinity, show that 


By(r—Z)eme >? 
E(x,t) = 


x 
0 t<- 
C 


19. 


20. 


21. 


22. 


23. 
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A membrane is in the form of a right-angle isosceles triangle of area A with 
fixed boundary. If T is the (uniform) tension and o is the density per unit 
area, show that the frequency of the fundamental mode of oscillation is 
n(5T/20A)?. What is the frequency of the first harmonic? 


A rectangular membrane of sides 2a, 26 is subjected to a small fluctuating 
force P sin wt acting at its center. If P and w are constants and transients are 
ignored, show that if the axes are chosen symmetrically, the transverse dis- 
placement is given by 


cos (2 x) cos (44 
P sin wt . ‘ 2b ™ 
c*pab p > s(t.) (4 ) = 

te 1 ht 


A very large membrane, which in its equilibrium position lies in the plane 
z =.Q, is drawn into the shape 


& 
V1 + r7/a 


where é¢ is small, and then released from rest at the instant f = 0. Show that 
at any subsequent instant the transverse displacement Is 


2 ABz2 
142 ini 4 
g Q 1 1 
2 2 _ ,2,2\ 2 214 
(1 +S) +4(8) | 
a Q 


ae 2 A242\ 2 
v2 (+2568 ory 4 (2) 
a a 


A uniform thin elastic membrane is subjected to a normal external force per 
unit area p(x,y,t). Prove that the equation governing transverse vibrations is 


1 az 7 POY! Poy t) 
caf 
A circular membrane of radius a is deformed by the application of a uniform 
pressure Pyy(t) to a concentric circle of radius b(<a). Ifthe membrane is set 


in motion from rest in its equilibrium position at time ¢ = 0, prove that at 
any subsequent time the transverse displacement of the membrane is 


Ze 90 J (06) S of é,) 


ar) ~ FE @? J, a u) sin [c&,(t = u) | du 


If f(z) is a twice-differentiable function of the variable z, prove that the 
functions f(x + ky — vt) are solutions of the two-dimensional wave equation 
provided that k? = v?/c? — 1. 

Deduce that 


p(x.y,t) = J x) f(x + y sinh « — et cosh a) dx 
where x is arbitrary, is also a solution. 


Show that the equations of motion of a two-dimensional elastic medium in 
the absence of body forces may be reduced by the substitutions 


to two wave equations. 
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25. 


26. 


27. 


28. 


29. 
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Making use of the result of the last problem, determine the components of 
stress in a semi-infinite solid y > 0 when a moving pulse of pressure of 
magnitude 


4[F'(x — vt) + F’*(x — vt)] 


is applied to the boundary y = 0. (#* denotes the complex conjugate of the 
complex function F, and F” denotes the second derivative.) 


A solid sphere performs small radial pulsations in air of density p so that its 
radius at time tis R + «sin pt. Show that the velocity potential of the sound 


waves produced is 
ap? cos {p[t — (r — R)/c] — y} 
V1 + (pR/c)* r 


where c is the velocity of sound in air and tan y = pR/c, and that the approxi- 
mate average rate at which the sphere loses energy to the air is 
2roc*a*( pR/c)* 
1 + (pR/c)* 


The radius of a sphere at time tis a(1 + e cos wf), where eis small. Show that 
to the first order in ¢ the pressure amplitude of the sound waves is 


rVc2 + wg? 
at a distance r from the center of the sphere. 


Alr is contained inside a spherical shell of radius a, and there is a point source 
of sound, of strength A cos of, at the center. The acute angle « is defined by 
the equation tan « = ka, where k = o/c. Show that the velocity potential 
inside the sphere is — 

A eae sin (ka — « — kr) 

4rr sin (ka — a) 


provided that ka — « is not an integral multiple of, What is the significance 
of this condition? 


Prove that a particular solution of the wave equation is 
C 6 ot (nt — kr) 
cos # — (- = 
or i " . 


where 7 1s a real constant and k = n/c. 

A sound wave is produced by the small vibrations of a rigid sphere of 
radius a which is moving so that its center moves along the line 6 = 0 with 
velocity U cos (nt). Determine the velocity potential, and show that at a great 
distance from the sphere the radial velocity of the fluid is approximately 

k?a®U 
pee COD = = 
gs? cos 8 cos (ut — kr + ka — 9) 


where tan ¢ = 2ka/(2 — k?a*). 


A uniform elastic sphere of radius a and density p is vibrating radially under 
no external forces. The radial displacement u satisfies the equation 


On 20u 2u 07 u 
didi gata - 3) ~ Pop 


30. 


3]. 
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where 4 and’ are elastic constants, and the radial component of stress is 
: Ou u 
Oo. = (A+ 2n)— 4+ 2A- 
or r 


Prove that the periods of the normal modes of vibration are 27a/c,é, where 
ci = (A + 2y)/p and the é’s are the positive roots of the transcendental equation 
4Ecot&é = 4 — Br& 

in Which B® = (2 + 2u)/u. 

Monochromatic sound waves of velocity potential VY ,(r)e”** are incident on 
the positive side of a screen in the xy plane which has a small aperture Sy 
at the origin. The boundary condition is the vanishing of the total wave 
function on the screen. The dimensions of the aperture are small compared 
with the wavelength 27/k of the incident wave. Show that at a great distance 
r from the aperture on the negative side of the screen the velocity potential is 
given approximately by 


Q otk r—ct) 
Wr) = AS ae 
Oz 


r 
where A = = [ fy) dx’ dy’ 
TT S, 


and the function f(x,y) is such that the function 
| 1 f (x’,y’) ax’ dy’ 
Pe er ane A ened’ 
dm Jo V(x — xP +(y—yf 
vanishes on the boundary of S, and satisfies on S, the equation 
Ve) + C=0 


where C is the value of o%’,/0z at the origin. 
If S$, is a circular disk of radius a and center 0, verify that 


fy) = << aA” ~~ 


and that 
2ikCa®z 
Barr? 


Monochromatic sound waves of velocity potential ‘I’,(x,y)e*** are incident o 
the positive side of an infinite perfectly reflecting screen lying in the plan 
y =0 which contains apertures bounded by straight lines parallel to the 
axis so that the apertures cut the plane z = 0 in a set of straight lines L, lying 
on the x axis. Show that if y > 0, the total velocity potential 1s given by 


¥(r, t) a e—tk(r—e t) 


Yx,y) = TY x,y) ar Vx, —y) + si | fH kp) ax’ 
Ly 
where p = V(x — x’)? + y? and f(x) satisfies the integral equation 
| fH lx’ — x|) dx = 27¥(x,0) 
Ly 


where the point (x,0,0) belongs to LZ). 
Deduce the solution for y < 0. 


270 


32. 


33. 


34, 


35. 
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If, in the last problem, the material of the screen instead of being perfectly 
reflecting had been such that the total velocity potential vanished on it, show 
that the velocity potential is given everywhere by 


Peay) = Pay) + 3 | f VG kp) ax’ 
Ly 


where L, 1s the set of lines on the x axis in which the screen cuts the plane 
Z=0,p = V(x — x’P + ys and f (x) satisfies the integral equation 


| fOIHP (klx’ — x|) dx’ = 272,(x,0) 
L, 


where the point (x,0) belongs to Lo. 
Show that if E and H satisfy Maxwell’s equations 


divE = 0, divH =0 


0H o) 
—— 5 curl H = : — 
Or c of 


curl E a one 
Cc 


for a medium of dielectric constant ¢ and permeability 4, then 


; 1 @ 
(v — za) (E,H) = 0 
where v? = ¢9// ey, 
Deduce that 


E=ee%+ee%, H= J = {(n x e,)e#2i — (n X eg)e*Re} 
lu 


is a solution with R, = p[t — (m‘r)/v], Re = pit + (n° r)/v], and the vectors 
€;, €2, n constant vectors. Prove that 


H =hye*#:1 + he#e, = E = — J “ {in x h,e*®: — (n x hy)et#s} 
é 


is also a solution of Maxwell’s equations. 


The electric force in a plane electromagnetic wave in vacuo has the components 


= 0 


x sine + zCcosa 
E, = Q, B, = acosp| 1 —~*SR2 TZN EB, 


6 


Find the magnetic force. 

The wave is incident on the plane face of a uniform dielectric, in which the 
dielectric constant is « and the magnetic permeability is unity, occupying the 
region z > 0. Find the amplitude of the reflected wave." 


The magnetic force in a plane electromagnetic wave in vacuo has the 
components 
ysin« + zcosa 


, H, =H, =0 
Cc 


Al, = 400s p|1 


Find the electric force. 


1 The boundary conditions are that the normal components of eE and #H are 
continuous and that the tangential components of E and H are continuous. 


36. 


37. 


38. 


39. 
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The wave is incident on the plane face of a uniform dielectric, in which the 
dielectric constant is « and the magnetic permeability is unity, occupying the 
region z > 0. Find the amplitude of the reflected wave, and show in par- 
ticular that it vanishes if the angle of incidence « is tan™ é?. 


Prove that a possible electromagnetic field in vacuo is given by 
I 6k 
E= — , curl (6k), H = grad (k° grad 6) — = 


where k is a constant vector and @ is a scalar function of position and time 
which satisfies the wave equation V76 = 6/c?. 

Taking k to be the unit vector in the direction of the z axis of a rectangular 
coordinate system and @ to be of the form @ = f(x, y, z — at), where a is a 
positive constant, prove that the rate of transmission of energy across an 
area S which lies in a plane z = constant can be expressed in the form 


i { (aeae) + (aye) J 


Show also that E* H = 0 and E* k = 0 whatever the value of a but that 
H:-k =Conly ifa =c. 


Establish the existence of an electromagnetic field of the form 


Cu Ou 


1 du 
H,=0, H,=0, H,=-= 
where u=exp(tiky —ike)firty), (=x? 4+ y’) 


and determine the functions f(r + y). 


Show that if II is a vector function of space and time coordinates which at a 
fixed position in space is proportional to exp (ikct) (kK constant) and which 
satisfies the equation 

VIL + kL = 0 


then the electric and magnetic fields 
E = —ik curl II and H = curl curl I 


satisfy Maxwell’s equations for free space. 

By considering the case in which the direction of II is uniform and its 
magnitude is spherically symmetrical, show that a nonzero simple harmonic 
electromagnetic field of period 27/(ck) can exist in a sphere of radius a with 
perfectly conducting walls if ka satisfies the equation 


tan ka = ka 


Show that in cylindrical coordinates p, 0, z Maxwell’s equations for empty 
space have a solution 


1 of 
A, =), oa mae PT H, =0 
ef Lay a 
E, Ap az” Le = cl? 3) 


and find the differential equation satisfied by f- 
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Show that there is a solution of Maxwell’s equations for electromagnetic 
waves in vacuo in which the components of the magnetic intensity are 


aS as 
Me aya? aya? =O 
where rS = f(ct —r), r is the distance from the origin, c the speed of light, 
and fan arbitrary function. 
Obtain the corresponding formulas for the components of the electric 
intensity, and prove that the lines of electric force are the meridian curves of 
the surfaces 


os 
Pp a CONnSt. 
p 
where p= + yt 


Prove that Maxwell’s equations 


1 0H 7 
curl E rae Fs O, div [u*(r)E] = 0 


u(r) OE 


es ae, divH =0 


curl H — 


for an inhomogeneous spherically symmetrical medium of index of refraction 
#e(r) have solutions 


J 
(a) E= we ~*et curl curl (ruf), H = —ike~**¢t curl (ruf) 


where f satisfies the scalar wave equation 


wre [ise 0B (es 


ik 
(b) E = —yourl (rug), © HW = curl — oH) 


where g satisfies the ote wave equation 
V'e + k's = 0 
A scalar wave function y satisfies the wave equation 


Vv? _ wey 
? ek are 


where y, the refractive index, is a function of x, y, z. We define a wave front 
as any continuously moving surface that contains discontinuities of y and 
assume the existence of one wave front only. Taking y,, v2 to be the wave 
function on either side of the wave front and writing 


y* =, — Yo, Yy = ~H(db) + yoH(—-#) 


where H(¢) denotes Heaviside’s unit function defined to be 1 for ¢ > 0 and 
0 for ¢ < 0, prove Bremmer’s relations 
(a) lerad S| = 

2@ 

y" =0 


(5) p*V2S + 2(grad S: grad y*) + ad 3 > 
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Denoting differentiating along the normals to the surfaces S = constant 
by @/0n, show that the variation of any function fin the ray direction is given by 


df _1 | 
= aie (grad f- grad S) 


Hence prove that (6) can be written in the form 
d +) 2 
2b Th dog y*) = —V*S 


and that the change of y* along a trajectory is related to that of u and that of 
the cross section o of a small beam according to the relation 
uoy*2 = const. 


43. The electric and magnetic vectors E and H satisfy Maxwell’s equations 


1 @ Acro 1 oF 
curl H —~ = (cE) — —— siete 
1a 
curl E + —- — (wH) =0 
c Of 
di ° (cE) 4n0E} = a F 
1V a + oO ~~ 3 IV 


div (“H) = 0 


where (1/47)(0F/@t) represents the enforced current density and o, «, and u 
may be any functions of x, y,z,andz. If V* = V, — Vz represents the jump 
of V on the wave fronts ¢ = 0, show that 


H* x grad¢ = — = {((B)* + Fy 


I 0 
E* x grad ¢ == (ut S 


@(eE) \ * oF\ |" 
( >; + 4n(oK)* + &) grad d = 0 


(uH)* x gradé = 0 


Chapter 6 


THE DIFFUSION EQUATION 


In this last chapter we shall consider the typical parabolic equation 
0°68 
ax® Ot 
and its generalizations to two and three dimensions. Because of its 
occurrence in the analysis of diffusion phenomena we shall refer to this 
equation as the one-dimensional diffusion equation and to its generaliza- 
tion 


068 
2 aed 
kV? = a 


(where k is a constant) as the diffusion equation. 

We shall illustrate the theory of these equations mainly by reference 
to the theory of the conduction of heat in solids, but we shall begin by 
outlining other circumstances in which the solution of such equations is 
of importance. 


|. The Occurrence of the Diffusion Equation in Physics 


We have already seen in Sec. 2 of Chap. 3 how the one-dimensional 
wave equation arises in the theory of the transmission of electric 
signals along a cable. We shall now indicate further instances of the 
occurrence of diffusion equations in theoretical physics. 

(a) The Conduction of Heat in Solids. Vf we denote by @ the tem- 
perature at a point in a homogeneous isotropic solid, then it 1s readily 
shown that the rate of flow of heat per unit area across any plane is 


q= ke (1) 


where k is the thermal conductivity of the solid and the operator 0/0n 
denotes differentiation along the normal. Considering the flow of 
heat through a small element of volume, we can show that the variation 
of 6 is governed by the equation 


pes = div (k grad 6) + A(r,0,f) (2) 
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where p is the density and c the specific heat of the solid, and H(r,6,2) dr 
is the amount of heat generated per unit time in the element dr situated 
at the point with position vector r. 

The heat function H(r,@,4) may arise because the solid is undergoing 
radioactive decay or is absorbing radiation. A term of this kind 
exists also when there is generation or absorption of heat in the solid 
as a result of a chemical reaction, e.g., the hydration of cement. 

If the conductivity k is a constant throughout the body, and if we write 


7 O(r,6,1) = AESP 
pe pe 
equation (2) reduces to the form 
0 
& = eV + O(16,0) (3) 


Of 


The fundamental problem of the mathematical theory of the con- 
duction of heat is the solution of equation (2) when it is known that the 
boundary surfaces of the solid are treated in a prescribed manner. 
The boundary conditions are usually of three main types: 

(i) The temperature is prescribed all over the boundary; i.e., the 
temperature 6(r,t) is a prescribed function of ¢ for every point r 
of the bounding surface; 

(i) ‘The flux of heat across the boundary is prescribed; i.e., 06/0n is 
prescribed ; 

(ii) There is radiation from the surface into a medium of fixed 
temperature 99; Le., 

~ + h(@ — @,) =0 (4) 
where / is a constant. 

If we introduce the differential operator 


0 O 0 
A=Cot ge tra t Oz (5) 


where Cy, C1, Cz, Cz are functions of x, y, z only, we see that the 
general boundary condition 


AO(r,t) = G(r,t) res (6) 
embraces all three cases. 

(b) Diffusion in Isotropic Substances. Another example of the occur- 
rence of the diffusion equation arises in the analysis of the process of 
diffusion in physical chemistry. This is a process leading to the 

* For the discussion of more complicated types of boundary conditions see H. S. 


Carslaw and J. C. Jaeger, “Conduction of Heat in Solids” (Oxford, New York, 
1947). 
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equalization of concentrations within a single phase, and it is governed 
by laws connecting the'rate of flow of the diffusing substance with the 
concentration gradient causing the flow. If c is the concentration of 
the diffusion substance, then the diffusion current vector J is given by 
Fink’s first law of diffusion in the form 


J = —Degradc (7) 


where D is the coefficient of diffusion for the substance under con- 
sideration. The equation of continuity for the diffusing substance 
takes the form 


OC 
Of 


Substituting from equation (7) into equation (8), we find that the 
variation of the concentration is governed by the equation 


4+ divJ =0 (8) 


< == div (D grad c) (9) 


In the most general case the coefficient of diffusion D will depend on 
the concentration and the coordinates of the point in question. If, 
however, D does happen to be a constant, then equation (9) reduces to 
the form 


0c ' 


(c) The Slowing Down of Neutrons in Matter. Under certain 
circumstances? the one-dimensional transport equations governing the 
slowing down of neutrons in matter can be reduced to the form 


Oy Ory 
a 

AY. Az? T(z,9) (11) 
where @ is the “symbolic age”’ and y(z,@) is the number of neutrons per 
unit time which reach the age 0; 1e., x is the slowing-down density. 
The function 7 is related to S(z,u), the number of neutrons being 
produced per unit time and per unit volume, by the relation 


T(z,0) = 47S(z,u) = (12) 


where u = log (E,/E) is a dimensionless parameter expressing the energy 
E of the neutron in terms of a standard energy £o. 
(d) The Diffusion of Vorticity. In the case of a viscous fluid of 
1 For a thorough discussion of particular cases the reader is referred to W. Jost, 
‘Diffusion in Solids, Liquids, Gases” (Academic Press, New York, 1952). 


2 See I. N. Sneddon, ‘‘Fourier Transforms’ (McGraw-Hill, New York, 1951), 
p. 212. 
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density p and coefficient of viscosity » which is started into motion from 


rest the vorticity ¢, which is related to the velocity q in the fluid by the 
equation 


$¢ = curlgq (13) 
is governed by the diffusion equation 

0 

= = VE (14) 


where » = u/p is the kinematic viscosity. 

(e) Conducting Media. Maxwell’s equations for the electromagnetic 
field in a medium of conductivity o, permeability u, and dielectric 
constant « may be written in the form 


div (KE) = 0 
div (uH) = 0 
curl H = a29% +5 © (KE) 


curl E = — 2 5 (ull) 
If we make use oF the identity 


curl curl = grad div — V? 


then it follows from these equations that when o, uw, « are constant 
throughout the medium 
: _ ku OK 4rou OK 

sl c? of °c? Ot 
If we are dealing with problems concerning the propagation of long 
waves in a good conductor, the first term on the right-hand side of this 
equation may be neglected in comparison with the second. We 
therefore find that the components of the vector E satisfy the equation 


1 c6 
BF a 
V6 = ary (15) 
where v =c?/(47ryo). 
PROBLEMS 


1. Suppose that the diffusion is linear with boundary conditions c = c, at 
x = 0, c =c, at x =/ and that the diffusion coefficient D is given by a 
formula of the type D = D,[l + f(c)], where Dy is a constant. Show that 
if the concentration distribution for the steady state has been measured, the 
function f(c) can be determined by means of the relation 


l[c + F(c) — cy — Fle,)] = x[ce + Fle.) — cy — F(e,)] 
where F(c) = { f @) du 
0 
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. Show further that if s is the quantity of solute passing per unit area during 
time ft, then 
sl 


~—— tle, + F(c,) — co — Flco)] 


2. Show that diffusion in a linear infinite system in which the diffusion coefficient 
D depends on the concentration c is governed by the equation 


Oc D Ac dD (22) 
et ax® © de \ax 
If initially c = cy for x <0 and c = 0 for x > 0, and if c is measured as a 


function of x and t, show that the variation of D with c may be determined by 
means of the equation 


where € = xt-3, 
3. Show that the equation 


00 
yi _ KV 76 + w(t) + p(r,t) 


may be reduced to the form 


Ou 
7 KV°u + x(r,t) 

by the substitutions 

t 


t 
u = 0exp \- | y(t’) ar| , x(r,t) = d(r,t) exp - { w(t’) ar| 


0 0 


2. The Resolution of Boundary Value Problems for the Diffusion 
Equation 


We shall now describe a method due to Bartels and Churchill* for 
the resolution of complicated boundary problems for the generalized 
diffusion equation. 

If we assume that the function H(r,6,7) occurring in equation (2) 
of the last section is a linear function of the temperature @ of the form 


H(r,6,t) = pe[Co(r)? + Ftr,t)] (1) 


where C, is a function of r only, introducing the linear differential 
operator 


— ~ div (k grad) + C,(r) (2) 


and denoting by r the position vector of a-point in the solid and by r’ 
that of a point on its boundary, it follows from equations (2) and (6) 


1R. C. F. Bartels and R. V. Churchill, Bull. Am. Math. Soc., 48, 276 (1942). 
See also Sneddon, op. cit., pp. 162-166. 
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of the last section that the boundary value problem for the temperature 
A(r,t) in the solid can be written in the form 


= (4.1) = AG + F(r,t) t>0 


AG(r’,t) = Gir’, t) t>0 (A) 
6(r,0) = J(r) 


The third equation of this set merely expresses the fact that at the instant 
t = 0 the distribution of temperature throughout the solid is prescribed. 

We shall now show that the complicated boundary value problem (A) 
may be resolved into simpler problems. 

Suppose that the function ¢(r,¢,¢’) depending on the fixed parameter 
t’ is a solution of the boundary value problem (A) in the case in which 
the source function F and the surface temperature G are functions of 
the space variables and of the parameter ¢’ but not of the time ¢, so that 
d(r,t,t’) satisfies the equations 


£ Met) = Ab + Fest) 


Ad(t, t,t!) = GQr"',t’) (B) 
o(r,0,0°) = J(r) 


Then it is readily shown that once the solution of the boundary value 
problem (B) is known, the solution of the boundary value (A) can be 
derived by a simple calculation. The method is contained in: 

Theorem 1: Duhamel’s Theorem. The solution 6(r,t) of the boundary 
value problem (A) with time-dependent source and surface conditions is 
given in terms of the solution $(¥,t,t') of the boundary value problem (B) 
with constant source and surface conditions by the formula 


é [* oe 
A(x, 2 =<} $0.11, 1) de 


We shall give in outline a direct proof of Duhamel’s theorem. For 
an ingenious proof making use of the theory of Laplace transforms the 
reader is referred to the paper by Bartels and Churchill mentioned. 
above. 


If the boundary condition is 


G(ir',t) t<O0 
it follows that the corresponding solution of (A) is 
6 = ¢(r,t,t') t>0O 


0 t>0 
A(x’ ,t) = 
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Similarly if the boundary condition is 
0 ie ¥ 
Air’ ,t) = 
G(r’,t’) t> ft’ 
the corresponding temperature is 
6= ¢d(r, tf — t’, t’) {>t 


Further if 
(0 t<?'4+dt' 
AO(r’,t) = 
) GC?) t>f+dt' 
then 6= g(r, t — t’ — dt’, t’) t>t 4+ dt’ 
and it follows that if the boundary condition is 
[0 7 
AG(r’,t) = < G(rit’) t<t<t+dt’ 
lo i> +a 


the solution of the boundary value problem is 
6=d(r,¢—t',)—¢éd,t—t — dt’, v’) 


— dt’ op(r, tf — t, ft’) 
Ot 
By breaking up the interval ¢ = 0 to ¢ = ¢ into small intervals in this 
way and integrating the results obtained we find that the solution of the 
boundary value problem (A) is 


A(r,t) = = { d(r, ¢ — 0’, t') dt’ (3) 


This theorem is of great value in the solution of boundary value 
problems in the theory of the conduction of heat, since it is often easier 
to derive the solution in the case of constant source and boundary 
conditions. 

It can further be shown that the solution of the boundary value 
problem (B) can be written in the form 


f 
P(r,t,t°) = bit, f') ar bAlr,t,t') sig | éste72) ar (4) 
where the functions ¢,, $2, and ¢3 are solutions of the boundary value 
problems 
; Ad {r,) = 0, — Ag (F’,°) = GO,¢’) (B,) 
(< — A) bales) = 0, Agalett') = 0, 4alr.0,1') = JO) — dy(e) 
(B,) 


(~ _ A| $(t,t,t’)=0,  Ada(r',t,t’)=0, — $o(r,0,t’) = Flr’) 


(Bs) 
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From Duhamel’s theorem it follows that the solution of the boundary 
value problem is 


ae) = de) +2 dae tr, tat’ + | dale, t — 00) dt 5) 


The solutions of the three simpler boundary value problems (B,), (B,), 
and (B;), of which the first is a steady-state problem, may therefore 
be used to derive the solution of the general boundary value problem 


(A). 


PROBLEMS 
1. If 0,(x,,0) r = 1, 2, 3 is the solution of the one-dimensional diffusion equation 
a6, 1 26, ; 
Ox ke OF ay <X, <b, t > 0 


satisfying the initial condition 0,(x,,8) = f,(x,) and the boundary conditions 


00, 
“,— —«6, = 0, X, =a f>0 
” @x, TT v r 
00, ; 
Br > + Bro, = 9, X, = 5, t >0 
rT 


then the solution of 

eo 86 ah 1 a6 

ax? 8x2 ° ax2 x OF 
in the rectangular parallelepiped a, < x; < by, ay < x2 < dg, ag < X3.< by 
satisfying the boundary conditions 


6 
Xp a— — OO = 0, Xy =a, f{>O0,r =1, 2, 3, 


00 
B.=— +80=0, x, =5, t>O,r=1, 2,3 
0X, 
and the initial condition @ = fq(x,) fo(%2) f(x) 1s 


O(X1,X9,X35f) es 05(x 1,1) 0x 29 1)G4( x5, t) 


2. If R(r,t) is the solution of the boundary value problem 


13 (rR) 1% ah wate 
r or Or 
aR, aR 
ay =o,R,r =a; ie Ra =; R(r,0) = f(r) 


and if Z(z,f) is the solution of the boundary value problem 


2Z 1aZ 
"ae ear {> O,c <z<d 
aZ, Ci, Zz 
tg = =03Z,z=c; Bp =B2Z,z2=d;  Z(z,0) = gz) 


then O(r,z,t) = R(r,tZ(z,P) 
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is the solution of the boundary value problem 


ra 30 626 30 
.—- r— ia wee a<r<bece<z<dt>0 
Or Oz* so Of 


satisfying the initial condition @ = f(r)g(z) and the boundary conditions 
20COi, 
15 = 49,7 =a; B, = = Bir =D 
oC«, 06 Cis, 
Hg 5 = 020, 2 = C; Ba= = Baz =a 
3. Elementary Solutions of the Diffusion Equation 


In this section we shall consider elementary solutions of the one- 
dimensional diffusion equation 


0°60 1 06 


ox x Ot (1) 
We begin by considering the expression 
] ( - 
, Se ee Senet ee 2 
‘/ t “ Aut (2) 
For this function it is readily seen that 
o*0 ends x eu" [aut 5 l e— 2? Ant 
Ox*® = AK2 79.2 2Kt?!2 
06 ce Libis 
_ 7 ane” Fane 


showing that the function (2) is a solution of the equation (1). 
It follows immediately that 


l 
2 awKt 


ge —(&—§)? fant (3) 


where & is an arbitrary real constant, is also a solution. Furthermore, 
if the function ¢{x) is bounded for all real values of x, then it is possible 


that the integral 
—— | $8 exp |- Fas (4 


is also, in some sense, a solution of the equation (1). 

It may readily be proved that the integral (4) is convergent if t > 0 
and that the integrals obtained from it by differentiating under the 
integral sign with respect to x and ¢ are uniformly convergent in the 
neighborhood of the point (x,t). The function 6(x,t) and its derivatives 
of all orders therefore exist for ¢ > 0, and since the integrand satisfies 
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the one-dimensional diffusion equation, it follows that 6(x,1) itself 
satisfies that equation for t > 0. 


Now 
oor | (5) exp \— _ y va dé — o( *) 
= | + Le + Is —TI, 
where >= = [. d(x + 2urv/xt) — o(x)}e— du 


= a I, Hx + 2ur/qte™ du 


I, = ra [_ d(x + Qur/ipe du 


1, = 42 [wa 


If the function (x) 1s eel we can make each of the integrals J,, Js, 
I, as small as we please by taking N to be sufficiently large, and by the 
continuity of the function ¢ we can make the integral J, as small as we 
please by taking ¢ sufficiently small. Thus as t-> 0, 0(x,t) > ¢(%). 
Thus the Poisson _— 


ame s)° oan 
O(x,t) = im Handy! {" $(&) exp I- dé (5) 
is the solution of the initial value problem 
6 1 (08 ie a a es 
Ox? ok OF * (6) 


O(x,0) = (x) 
It will be observed that by a simple change of variable we can express 
the solution (5) in the form 
(x,t) = =s | d(x + 2uv xt)e— du (7) 
V at ome 
We shall now show how this solution may be modified to obtain the 
solution of the boundary value problem 
a9 1 06 
Ox? OF 
(x,0) = f(x) x>0 (8) 
6(0,t) = 0 t>0 


QO<x< © 
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If we write 
fo for x > 0 
R(X) = 
—f(—x) forx <0 
then the Poisson integral (4) assumes the form 


l CO 
= -——--___—_ —(2—E)*4nt gp — (BHF) fat 
Wt) = s— |" SOLE eee Dine qe (9) 


and it is readily verified that this is the solution of the boundary value 
problem (8). We may express the solution (9) in the form 


O(x,t) = =|" — f(xt+ 2uv «the du 
— <= |" si f(-—x + 2uv xt)e- du (10) 
TT LI2V ke 
Thus if the initial temperature is a constant, @) say, then 
6(x,t) = 6, erf : _ (11) 
where erfz = = | e~ du (12) 


The function 


O(x,t) = 6, r --- erf (=) | (13) 


will therefore have the property that 6(x,0)=0. Furthermore 
6(0,t) = 6). Thus the function 


O(x,t,t') = g(t’) [ ~ ert (57 ) 


is the function which satisfies the one-dimensional diffusion equation 
and the conditions 4(x,0,t')=0, 90,¢,t°) = g(t’). By applying 
Duhamel’s theorem it follows that the solution of the boundary value 
problem 

A(x,0)=0,  (0,f) = g(2) (14) 
is 


act) = | gteya |" ed 


i — xt’) 
eB? fdn(t— t) 


i) en [ et Gary 4 
Changing the variable of integration from t’ to u where 
x? 


fat-—- 
Anu? 
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we see that the solution may be written in the form 
x2 
6 (x,t) = = |* s(t—] 7) e~” du, me 15 


PROBLEMS 


1. The surface x = 0 of the semi-infinite solid x > 0 is kept at temperature @, 
during 0 < ¢ < T and is maintained at zero temperature for f > 7. Show 
that if ¢ > 7, 


x 
O(x,1) = (er Waa - erf os 
and determine the value of @ if t < 7. 
2. Prove that the expression’ 


OQ | r —al* 
Me) = BG fee exp | — 7s 


represents the temperature in an infinite solid due to a quantity of heat Qpc 
instantaneously generated at f = 0 at a point with position vector a. 

If heat is liberated at the point a in an infinite solid at a rate pcf(t) per unit 
time in the interval (0,1), show that the temperature in the solid is given by 


aia few {t at) foe 
Bimkye Jo Fl 4et — 2) 1)! 
If f() = qg, a constant, show that 


6(r,1) ~ ett ghee nae 


4irk|r = al 


3. Show that the temperature due to an instantaneous line source of strength Q 
at ¢ = 0 parallel to the z axis and passing through the point (@,5) Is 


— a)’ + (y — 5) 
each a xp|-& a) + | 


If heat is liberated at the rate pcf(t) per unit time per unit length of a line 


through the point (a,4) parallel to the z axis, and if the supply of heat starts at 
t = 0 when the solid is at zero temperature, show that if ¢ > 0, 


i f° r2 at’ 
G = —— f ee ee ee es 
(ys) dak | fo emp| 4k(t— 0’) | cee i 
where r? = (x — a)? + (y — b)’. 
Deduce that if f(t) = g, a constant, 


~ 4 yl(_ 
Ax,yt) Ant ' ( r| 
where —Ei( —x) -| e” dulu. 

MH 


’ This is called the temperature due to an instantaneous point source of strength 
QO ata at time ¢t = 0. 
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4. Separation of Variables 


The method of the separation of variables can be applied to the 
diffusion equation 
v26 = 1 08 (1) 
K Ot 
in a manner similar to those employed in the similar problems of 
potential theory and wave motion. If we assume that the time and 
space variables can be separated, so that equation (1) has solutions of 


the form 
G = g(r) T(t) (2) 
then it follows from the fact that equation (1) can be written in the form 
1_,, 1 df 
Pi Ve = oT di 


that the equations determining the functions T and ¢ must be of the 
forms 


aT a 
a TRE = 9 (3) 
(V? + 4%) = 0 (4) 


where / is a constant which may be complex. Since the solution of (3) 
is immediate, we see that solutions of (1) of the type (2) assume the form 


O(r,t) = de“ (5) 


where the function ¢ is a solution of the Helmholtz equation (4), which 
may itself be solved by the method of separation of variables. 

We have already used this method in Sec. 9 of Chap. 3 to obtain 
solutions of the one-dimensional diffusion equation 


0*6 1 06 
Ot OF (9) 
of the form 
0(x,t) = > [c, cos (Ax) + d, sin (Ax)Je7*™ (7) 


A 


where c, and d, are constants. 
We shall now consider the use of this form in the solution of a 
typical boundary value problem. 


Example 1. The faces x = 0, x =a of an infinite slab are maintained at zero 
temperature. The initial distribution of temperature in the slab is described by the 
equation 9 = f(x) (OQ <x <a). Determine the temperature at a subsequent time t. 

Our problem is to find a function 6(x,1) which satisfies the differential equation 
(6) and the conditions 


6(0,t) = 6(a,t) =0, 6(x,0) = f(x) (8) 
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In order that a solution of the type (7) should vanish identically at x = 0, we must 
choose c, = 0 for all values of 4, and in order that 6(a,t) = 0, we must choose A 
so that 

sin (Aa) = 0 


ie., A must be taken to be of the form mz/a, where n is an integer. Hence the first 
two of the three conditions (8) are satisfied if we take 


CO 
: nmr X 9° 
6(x,f) = > A, Sin (7) entra 
n=0 


To satisfy the third conditions we must choose the constants A, in such a way that 


oa 
feo=- > 4 sin 0<x <a 


n=l 


The coefficients A, must therefore be taken to be 


24° _ Anu 
| Ag = 2 |) sin a 
and the required solution is 


6(x,t) -< > ea Rniktia® gin (7) {° f(y) sin ("=") du (9) 


n= 1 


The solution 
A(x, y,t) = > Dd ce, cos (Ax + 8) cos (uy + €,)e~™ + Ht (10) 
A ps 


of the two-dimensional equation 
6 6 0*8Ssd1s«8 
oxi | Bee OF vat 
which we derived in Sec. 9 of Chap. 3 may be treated in a precisely 
similar way (cf. Prob. 3 below). 
If we assume a solution of the form 
0 = R(p)O(g)Z(z) TZ) 
of the diffusion equation 
06 100 106 06 1 06 
Op pp pop Gk x oF ™ 


we find that T satisfies equation (3) and that R, ®, Z satisfy equations of 
the form 


@R  1dR (1 z) 7 
Fae ick li aa) laa 
ad?*Z, a*’@D 


dae OS age FOS 
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so that the equation (12) has solutions of the form 
> Any Fa(V A + pF plete Matting (13) 
At, 


To illustrate the use of solutions of this kind we consider: 


Example 2. Determine the temperature (p,t) in the infinite cylinder 0 <p <a 
when the initial temperature is 6(p,0) = f(») and the surface p = a is maintained at 
zero temperature. 

In this instance the solution (13) reduces to the much simpler form 


O(p,t) = > ApJ (Apje—*"* (14) 
2 
In order that 0(a,t) = 0, the constants 4 must be chosen so that J,(Aa) = 0; Le., 
A takes the values £,, €,,...,6,... , the roots of the equations 
We therefore have 
OAp,t) = » A, J, o(pine en (16) 
fA 


To satisfy the condition 9(p,0) = f(») the constants A, must be chosen so that 
f (p) = > A, J, o( Pen) 
¥L) 
It follows from the theory of Bessel functions! that 


Z 
An ~ PLT (E,aP [ uf (u) J (En%) du 


Substituting this —, into equation (16), we find that the required solution is 


I olSn) ) eo ~Kteh | ° 
oD) =a D> eae |, Wh olEawd ae (17) 


where the sum is taken over vm sisltive roots €;,£5, ... én, ... , of the equation 


(15). 
Finally if we write the diffusion equation 


% 
Ky y = = 


in polar coordinates (7,0,¢) and assume a solution of the form 
p = R(r)O(6)O(G)e** 


we find that 
eho aha aes R= 0 
a= Pom Za fmen— paleo pes 
Gar t md = 0 


+ G.N. Watson, “The Theory of Bessel Functions,” 2d ed. (Cambridge, London, 
1944), chap. XVIII. 
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so that we have solutions of the form 
S Conary Jy 4 (ANP Weime*e (18) 
m,n,a 


This solution is used in: 


Example 3. Find the temperature in a sphere of radius a when its surface is 
maintained at zero temperature and its initial temperature is f(r,@). 
In order that a solution of the type (18), 1e., 


> Cri(ar)—* Jn 2 (Ar)P,(cos Ae ~ *?xt (19) 
n,4 
should vanish when r = a, each 4 must be chosen to be one of the roots 4,3, Ano, 
. y4niy . . . Of the equations 
Jn4340a) =0 (20) 


and in order that p(r, 6 + 27, t) = p(r,0,1), 1 must be an integer. We therefore 
have the solution 


Le 6) ° @ 
W050,0) = 2D Cainer) Yn anit Pa (C08 Be" 
n=1i=1 
where the constants C,,; must be chosen so that 
10 a oO 
fG,® = 2, 2, CriAnit) "Sn +2 Anir)Palcos Q) 
n=1i= 


From the theory of Bessel functions and Legendre polynomials we find that 


(2n + 1)A3 [ : [ 
Crt = tape | nt Ana) ar Pe) £9 @ 
PROBLEMS 
1. Solve the one-dimensional diffusion equation in the region 0 <x <7, 
t > 0, when 


(i) 6 remains finite as t > ©; 
(ii) @ =Oif x =0orz, for all values of 1; 


= 0 =x O<x <4n 
(im) Att = 0, 
O6=n7—-x gr<x <n. 
2. Solve the one-dimensional diffusion equation in the range 0 < x < 27, ¢ > 0 
subject to the boundary conditions 


6(x,0) = sin® x for0 <x <2n 

0(0,t) — 0(27,t) = 0 fort >0 
3. The edges x = 0, a and y = 6 of the rectangle 0 <x <a,O0 <y <b are 
maintained at zero temperature while the temperature a the edge y = 0 
is made to vary according to the rule 0(x,0,4) = f(x), O< x <a, t>0. 


If the initial temperature in the rectangle is zero, find the temperature at any 
subsequent time f, and deduce that the steady-state temperature is 


2S sinh [mn(b — yal, (max 
a » sinh (mzb/a) ™ ("2 |, pean = ‘ ” 


1 
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4. Accircular cylinder of radius a@ has its surface kept at a constant temperature 
0). If the initial temperature is zero throughout the cylinder, prove that for 


t>0 
2S Jo(Ena) .—Etet 
9.4, 2 YS 29n® 
O(r,f) 0 t - pa E JE) € 


where +&,, +&, ..., +6, .. . are the roots of J,(fa) = 0. 


5. The Use of Integral Transforms 


We shall now consider the application of the theory of the integral 
transforms to the solution of diffusion problems. First of all we shall 
indicate the use of the Laplace transform. Suppose that we have to 
find a function 6(r,f) which satisfies the 
diffusion equation 


Vig = — — (1) 
in the region bounded by the two surfaces 
S, and S,, the initial condition 

6=f(r) whent=0 = (2) 


and the boundary conditions 


06 
a0 + by on £1(t,t) on S, (3) 


06 
ao + be —_ 2 (r,t) on S, (4) 


Figure 46 


where the functions /, 2;, and g, are pre- 
scribed. The quantities a,, a., b,, 5, may be functions of x, y, and z, 
but we shall assume that they do not depend on f. 
To solve this system of equations we introduce the Laplace transform 
A(r,s) of the function 6(r,t) defined by the equation 


(r,s) = | “O(r,t)e~" dt 
0) 


If we make use of the rule for integrating by parts, we find that 
~ oO 
7 e—" dt = [0(r, Hep + sO(r,5) 


Substituting from (2) into this expression, we find on multiplying both 
sides of equation (1) by e—” and integrating with respect to ¢ from 0 
to oo that 6(r,s) satisfies the nonhomogeneous Helmholtz equation 


(V? — KC) == f ©) (5) 
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with k? = s/x. - Similarly the boundary conditions (3) and (4) can be 
shown to be equivalent to 


6 
ao + bd, On = £,(1,5) on S, (6) 


060] 
a$ + bp —- 2,(r,5) on S> (7) 


The method is particularly appropriate when equation (5) can readily 
be reduced to an ordinary differential equation, as in the case considered 
below. When the function (r,s), which forms the solution of the 
boundary value problem expressed by the equations (5), (6), and (7), has 
been determined, the temperature 6(r,f) is given by Laplace’s inversion 
formula 


C+400 
O(r,f) = am [ O(r, s)e* ds (8) 


In the case where the solid body is bounded by one surface only, S, 
say, we only have an equation of type (3), but we have in addition the 
condition that 6, and hence 8, does not become infinite within Sj. 


Example 4. Determine the function 0(r,t) satisfying 


6 6100) «61 80 
—fee ee 6S CEE (9) 
and the conditions 6(r,0) = 0, 6(a,t) = f (2). 
To solve equation (9) we multiply both sides by e—** and integrate with respect to 
tfrom0to 0. Making use of the conditions 6(r,0) = 0, we see that 


d*6@ 1d6 s 
ss. (10) 


where 4(r,s) is the Laplace transform of O(r,t). Since 6(@,t) = f(¢), it follows that 
6= f(s) onr=a (11) 


where f(s) is the Laplace transform of the function f(¢).' If we make use of the 
physical condition that (7,1), and, hence, @(r,s), cannot be infinite along the axis 
r = 0 of the cylinder, we see that the solution of equation (10) appropriate to the 
boundary condition (11) is 

: I, (kr) 

A(7,5) = f(s) I,(ka) 
where k* = s/x, so that, by the result (8), 


1 fe Ilkr) 
O(r,t) = ani {-. f(s) I,(ka) es* ds 


Now if J(kr)/Jo(ka) is the Laplace transform of the function y(?), i.e., if 


Oe ties I,(kr) 
8) = F5 Ie ie Tolka 


et ds (12) 


it is readily shown that 


t 
(r,t) = { fg — t) dr’ (13) 
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To evaluate the contour integral (12) we note that the integrand is a single-valued 
function of s, so that we may make use of the contour shown in Fig. 47. The poles 
of the integrand are at the points 


S=S, = —K& | oe Co re 
where the quantities €,, &,..., &,... are the roots of the transcendental 
equation 
J,(aé) = 0 (14) 


From the theory of Bessel functions we know that the roots of equation (14) are 
all real and simple. If we take the radius of the circle MNL to be x(n + $)*n*/a’, 
there will beno poles of the integrand on the circumference of the circle, and from the 
asymptotic expansions of the modified 
Bessel functions J)(kr), Ip(ka) it is readily 
shown that the integral round the circular’ 
arc MNL tends to the value 0 asn > 0%. We 
may therefore replace the line integral for ¢(f) 
by the integral of the same function taken 
round the complete contour of Fig. 47, and 
hence we may replace it by the sum of the 
residues of the function I,(Ar)e*/Z,*% in the 
plane R(s) < c. Now the residue of this 
function at the pole s = s, is 


Inirée —*5*  AxEgT (rine KE? 
al(QixE,I(iat,) = ad (ay) 


since I(x) = I(x). Hence we have 


S> 2eEnTolrEn) be 


f) = (15) 
Figure 47 gti) L, “alfaé,) 
Substituting from equation (15) into equation (13), we obtain finally 
ie t 
rt) == Selltts) | f(t)e—KEalt—E) ay’ (16) 
a a Ji(aon) Jo 


where the sum is taken over the positive roots of the transcendental equation (14). 


We shall give a further example of the use of Laplace transforms 
at the end of the next section. 

Other integral transforms may be used ina similar way. To illustrate 
the use of Fourier transforms in the solution of three-dimensional 
diffusion problems we consider: 


Example 5. Find the solution of the equation 


06 
“9 = — 
x V8 5; (17) 
for an infinite solid whose initial distribution of temperature is given by 
A(r,0) = f(r) (18} 


where the function f is prescribed. 
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We reduce the equation (17) to an ordinary differential equation by the intro-- 
duction of the Fourier transform of the function 6(r,4) defined by the equation 


©(e,t) = (27) -? | A(r,Ae\P™ gz (19) 


where ep = (€,7,0), dr = dx dydz, and the integration extends throughout the 
entire xyz space. Multiplying both sides of equation (17) by exp [i(e*r)] and 
integrating throughout the entire xyz space, we find, after an integration by parts 
(in which it is assumed that 6 and its space derivatives vanish at great distances 
from the origin), that equations (17) and (18) are equivalent to the pair of equations 


= +xpe@ =0 (20) 


O(e,0) = F(e) (21) 


where F(p) is the Fourier transform of the function f(r). The solution of equation 
(20) subject to the initial condition (21) is 


O(e,1) = F(eje—*e"t (22) 
Now it is readily shown by direct integration that the function 
Ge) = e~ ert (23) 
is the Fourier transform of the function 
g(r) = (2xt)—2 elt (24) 


and it is a well-known result of the theory of Fourier transforms! that if F(e), G(e) 
are the Fourier transforms of f(r), g(r), respectively, then F(e)G(e) is the Fourier 
transform of the function 


(2a) — { f@)e@ — vr’) dr’ 
It follows from equations (22), (23), and (24) that the required solution is 


O(r,f) = (2nt)—? | f (r’je lB —8'lPl4et gy’ (25) 


L nial pg t 


where the integration extends over the whole x’y’z’ space. If we let 
u = (u,v,w) = (4«t)—?(r’ — 4) 


we find that the solution (25) reduces to the form 
oO co © 
r,t) =a? | | | f@ + 2uv« pe ++) On dv dw (26) 


which is known as Fourier’s solution. 


PROBLEMS 


1. Use the theory of the Laplace transform to derive the solution of the boundary 
value problem: 
a9 = 1 «08 


Ot ie OF 
00,1) =f(),  (a,t) =0, — (x,0) = 0 


1 Sneddon, ‘‘Fourier Transforms,” p. 45. 


O<x<a,t>0 
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2. If-6(7,1) satisfies the equations 


76 1060 I 00 
(i) ai ° sos oe O<rcat>0O0 


(ii) Hr0) =f) O<r<a 
Pe 00 
(iii) & + H = Q t>0 
F= 84 
show that 
E2— —k§*t T ( é r) | a 
(r,t) = 2D OF Reo oss uf (uJ (E,u) du 
GE + DUE OP Jo! 0 
where the sum is taken over the positive roots &,, &5,..., &, .. . of the 
equation 


hF (aé;) = §J,(aé;) 
3. Using the theory of the Fourier exponential transform to eliminate the x 
variable from the diffusion equation, derive the solution (5) of Sec. 3. 
4, Using the Fourier sine transform 


t fo 
6,1) = (=) { O(x,t) sin (Ex) dx 
0 


derive the solutions (9) and (13) of Sec. 3. 


5. <A plane electromagnetic pulse is propagated in the positive z direction in an 
unbounded medium of constant permeability 4 and conductivity o. At the 
instant ¢ = 0 the electric vector E is given by 


2 


I Z 
E, = 50% (~ 3): Ey = E, =0 


Determine the value of E,, at a later instant ¢. 


6. The Use of Green’s Functions 


We saw in Sec. 8 of Chap. 4 how Green’s functions may be employed 
with advantage in the determination of solutions of Laplace’s equation. 
We proceed now to show how a similar function may be used con- 
veniently in the mathematical theory of diffusion processes. 

Suppose we are considering the solution 4(r,t) of the diffusion 
equation 


00 
zeae —— 2 
= KV*0 (1) 


in the volume V, which is bounded by the simple surface S, subject to 
the boundary condition 

OrjO=—¢7,) £xifreS (2) 
and the initial condition 

A(r,0) = f(r) ifreV (3) 
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We then define the Green’s function G(r, r’, t — ¢’) (t >’) of our 
problem as the function which satisfies the equation 


— = «Vv’G (4) 
the boundary condition 

Ga,r,t—t)=0 ifr’eS (5) 
and the initial condition that lim G is zero at all points of V except at 


the point r where G takes the form 


1 ir —r? 
S[ax(t — ty P - Ant — en (6) 


Because G depends on ¢ only in that it is a function of t — 7’, it follows 
that equation (4) is equivalent to 


0G 
ot’ 


The physical interpretation of the Green’s function G is obvious from 
these equations: G(r, r’, ¢ — ft’) is the temperature at r’ at time ¢ due 
to an instantaneous point source of unit strength generated at time ¢’ 
at the point r, the solid being initially at zero temperature, and its 
surface being maintained at zero temperature. 

Since the time ?¢’ lies within the interval of ¢ for which equations (1) 
and (2) are valid, we may rewrite these equations in the form 


— 0 (7) 


commana, 2 : 
a KV*0 t<t (8) 
O(r’,t') = d0’,f') ifr’e S (9) 
It follows ies from. a (7) and (8) that 
=; (0G) = = ca + G2 = - == x[GV*70 — 0V’G] 


so that if « is an arbitrarily small positive constant, 


[lL eeoea=<[[ow—maela oo 


If we interchange the order in which we take the integrations on the 
left-hand side, we find that it takes the form 


| CGpar.de! — [ 0G)p a0 ar 
= O(r,1) [ (Gr, r,t —f)ypi,_, dr’ — [ G(r,r’,t) f(r") dr’ 
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Now from the expression (6) for G(@, r’, t — ¢’) wecan readily show that 
| [Ga, r,t — tyro 7’ = 1 
V 


so that if we let « — 0, the left-hand side of equation (10) becomes 


O(r,7) — | f(r’) G(r’) dr’ 


On the other hand, if we apply Green’s theorem to the right-hand side 


of equation (10) and make use of equations (2) and (5), we find that it 
reduces to 


, f 0G f 
—K { at [. (rT ft) Ba as 


inthe limitase—>0. It will be recalled that 0/0n denotes differentiation 
along the outward-drawn normal to S. We therefore obtain finally 


O(r,t) = { f(r')G@,r’,t) dr’ — « { dt’ I, o(r’,t) = ds’ (11) 


as the solution of the boundary value problem formulated in equations 
(1), (2), and (3). 

To illustrate the use of a Green’s function in a very simple case 
we consider: 


Example 6. If the surface z = 0 of the semi-infinite solid z > 0 is maintained at 


temperature 4(x,y,t) for t > 0, and if the initial temperature of the solid is f (x,y,z), 
determine the distribution of temperature in the solid. 


It is. readily shown that the appropriate Green’s function for this problem is 


ie ae 1 err poet |] 
OGM t- Nae i |e - ant — aa PL ae = 1) 
where e’ = (x’,y’,—z’) is the position vector of the image of the point r’ in the 
plane z = 0. For this function 


0G -() _ Z - - (x— x + —-—y} + =| 
an ~ Oz’ } = Sriki(t — t’)? P 4x(t — t’) 


so that, from equation (11), we obtain the solution 


1 
2 ees \io—|r—r’]2/4et — p—|r—P'|2/ant , 
Mn!) = soph {, f@ le e | dr 


z {("( bx.yi0) (x —xP+(y—y 4+ 2 
8 (ark)? | o t- t’)8 ” 7 4x(t — t’) 


where V denotes the half space z > 0 and II the entire xy plane. 


| dx’ dy’ dt’ 


In this problem we have been able to guess readily the form of the 
Green’s function. For more complicated types of boundary this may 
not be possible, and so it is desirable to have available a tool for the 
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determination of the Green’s function. The most powerful analytical 
tool for this purpose is the theory of Laplace transforms. We shall 
illustrate its use by considering: 


Example 7. Determine the Green’s function for the thick plate of infinite radius 
bounded by the parallel planes z = 0 and z = a. 

From equations (4), (5), and (6) we see that we have to determine a function G 
which vanishes on the planes z = 0, z = a and has a singularity of the type (6). 
We write 


G(rr',) = —— ex | ~ ert + Gy(r,r’,t) (12) 
me Bf at} P Act peed eva 
where, by virtue of equation (4) 
0G 
KV°G, = ‘— (13) 


If we multiply both sides of equations (12) and (13) by e~*’, integrate with respect to 
t from 0 to oo, and make use of the fact that the Laplace transform of 


J 7 jr —r’|* 
Sari th i At 


‘e @) 
: a Ada 


can be written in the form 
—- e Hz —2'| 
Anke Jo 


where R? = (x — x’)? + (y — y’P and «? = 2? + 5/x, we find that these equations 
are equivalent to 


oO 
= A 
G(r,r’,s) = i \ el —2"| a Ada + G,(r,r’,5) (14) 
#6, _10G, | PG, | 7 2G, S - 
“tet 5 Op | Oz . pe a2 ae (19) 


where G, G, are the Laplace transforms of G, G, and, as usual, p, z, ¢ denote 
cylindrical Coordinates. Equation (15) has a solution of the form 
co 
yi , . 
os | 7 ARF sinh (uz) + AH sinh [u(a — z)]} da 
0 


Gort 


where the functions F(A) and H(A) must be chosen so that G vanishes on the planes 
z=0,z=a. We must therefore have 


F = —e-#(4-2) cosech (ua), H = —e-#* cosech (ua) 
Thus if 0 < z < z’, we find that 
1 {" AJg(AR) sinh [4(a_— z’)] sinh (uz) 
0 # sinh (ua) 
If we make the substitution 4 = ié in this integral, we obtain the form 


1 | ad o(€R) sinh [n(a — 2’)] sinh (12) 
ok | —f00 7} sinh (na) 


2rrK 


where 7? = s/x — &. Now it is readily shown by the calculus of residues that 


G | . faz’ 
== > sin (“= 2) si n (=) K (ER) 
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where .€, = Vn'n*/a* + s/x. Using the fact that Ky[xVs/x] is the Laplace trans- 
form of (21)~1e—2*/4«t and that the Laplace transform of e tf (1) is f(s + a), we find 
that 


— Raut — 
es > sin (2) sin (72) e— n2atet ia? (16) 
omrKta , a a 
nN = 


This expression could have been obtained by the method of separation of variables 
if we had been prepared to assume the possibility of the expansion of an arbitrary 
function in the form (16). One of the advantages of using the theory of the Laplace 
transform is that it avoids making such an assumption; each Green’s function so 
derived yields an expansion theorem (or an integral theorem). 


PROBLEMS 


1. Derive the linear analogue of equation (11) for the segment a <x < bd. 
Hence solve the boundary value problem 


a6 a6 
Ot axe 
6(0,t1) = ¢02),t >0; O%,0) = f(x), x >0 


2. By using the theory of Laplace transforms derive the Green’s function for the 
segment 0 < x < a@. 


3. Show that the Green’s function for problems with radial symmetry, in which 
the temperature vanishes on r = a, can be expressed in the form 


G(r,r’,0) = __ > sin & sin (=) e— nr ntxtla® 
2narr eve a a 
4, Show that the two-dimensional analogue of equation (11) is 
t 
Ox,y,t) = | LXyIG, y3x',y'50 dS’ — | ar’ | P(x’, y’ 50) hed ds’ 
S 0 C on 


where C is the boundary of the region S, and where G has a singularity of the 
type 


x >0,t>0 


1 (x — x’? + (y — yy’? 
Axi Axct 
at the point (x,y). 

Determine the Green’s functions for the regions 


(1) —-o<x< oO, y>d 
(11) x > 0, y>O0 
(111) 0O<x <a, O<y<b 


5. Show that the Green’s function for the cylinder0 <z <h, p < ais 
G(p,9,25p's6'.2" sf) 


2 - mrz inz’ = 
i —mrtfh? ‘ penis . meee oes ee © 
— ah x sin ( 7 in ( P ) > cos n( -- ¢’) 
m= 


N= — 
H (E,.p)J;, nniP > 
x -8 et 
ps ° I Ena 


where &,;, 6no, - - +» &nz . . . are the positive roots of the transcendental 
equation J,(éa) = 9. 
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7. The Diffusion Equation with Sources 


In the previous sections of this chapter we have considered the 
solution of problems relating to diffusion in a medium in which there 
are no sources. We shall now consider briefly the solution of the 
more general equation (3) of Sec. 1 when the source function Q(r,6,f) 
assumes asimpleform. In many cases of practical interest the function 
O(r,0,t) may be taken to be a linear function of the temperature of the 


form 
O(r,9,t) = (r,t) + Oy(2) (1) 


and we have seen in Prob. 3 of Sec. 1 that the solution of problems of 
this type can be deduced readily from solutions of the equation 


06 
oo KV70 + x(r,2) (2) 
We shall consider therefore only this stmple equation. 

The analysis of problems of this kind can be further simplified. 
Suppose that we have to solve equation (2) in a region V bounded by a 
simple surface S subject to the conditions 


07,0) = f(x) ifre V; O(r,t) = (r,t) ifre S$ (3) 


then if we find a function 6,(r,¢) which satisfies the homogeneous 
equation 

— wet 

= KV" (4) 


and the boundary and initial conditions (3) and a function 46,(r,t) 
which satisfies the equation (2) and the boundary and initial conditions 


—«6(r,0) = Oifre V; 0(r,f) = OifreS (5) 


then it is immediately obvious that the solution of the problem posed 
by equations (2) and (3) 1s given by the equation 


O(r,t) = 0,(r,t) + 8,(r,2) (6) 


The methods availatle for the solution of equation (4) are also 
available for the solution of the nonhomogeneous equation (2). For 
instance, if the method of separation of variables has been applied to 
determine the function 6,(r,t), the same type of expansion may be 
employed in the determination of 6,(r,f), or if a particular kind of 
integral transform has been used to find 6,(r,t), it may also be used to 
determine 9,(r,7). 

For instance, if we wish to solve the equation 


ag 0°6 
a Ro + 4(x,f) (7) 
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in the region 0 < x < a, we know that the solution of 
06 076 


at Ox? 
which vanishes when x = 0, x = a, 1s of the form 


[° @) 
—mte2ettae + TX 
N= 1 a 


Therefore we assume a solution of equation (7) of the form 


= . ATX 
Bx(osf) = D gal) sin (8) 
We also employ the expansion 
x _ nx 
(x,t) = p2 Xn(t) Sif a7 (9) 
where y,(t) = = | y¥(x,t) sin = ax (10) 


Substituting from equations (8) and (9) into equation (7), we see that the 
functions ¢,(f) must satisfy the first-order ordinary differential equation 


a, na 


dt. 2 Q2 Pn = X(t) (11) 
and, since 6,(x,0) = 0, must also satisfy the initial condition 
$0) = 0 (12) 


When we have found the functions ¢,(t) satisfying the equations (11) 
and (12), we have only to substitute them as coefficients in the expansion 
(8) to obtain the desired result. 

To illustrate this method we consider: 

Example 8. The faces x =0, x =a of a finite slab are maintained at zero 


temperature. A source of strength Q is situated at x = b. Determine the distribution 
of temperature within the slab. 


We have to solve the equation (7) in which the function y(x,/) is Q(x), where 


O(x) = mn O,(x) 


_g Ix —b| <e 
where O,(x) = (2. pC 

0 Ix — b| > € 
The Fourier coefficients of O,{x) are 


b+e 
2 | sin ye = 22 gi PE sig OO 
pcae Jo —e Qa pc (née) a a 
If we let « — 0, we find that for this y(x,/) 
20 ., 
v(t) = 2Q Sin nnb 


pca Q 
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Substituting this constant value in equation (11), we see that the approximate form 
for ¢,,(t) 1s 


Z 
(1 — e~n?n’xtia’) sin si (13) 


dnt ) — 


where, it will be remembered, k = pcx. Substituting from equation (13) into 
equation (8), we find that the desired solution is 


.o.@) 
20a 


ak 
n=1 


ATX, nrb 


I 
O(x,t) = = (1 — en R?aiatia®) sin —— sin 


When the range of the space variables is infinite, it is more appropriate 
to make use of the theory of integral transforms. Consider, for 
instance, the problem of solving the equation (7) for the infinite range 
—o <x < 00 subject to the initial condition 6(x,0)=0. If we 
multiply both sides of equation (7) by (27)~*e** and integrate with 
respect to x from —©o to oo, we find that the Fourier transform 


1 * | 
O(é,2) = | O(x,te** dx 14 
(Gt) = = | Oa) (14) 
satisfies the ordinary differential equation 
e+ KEeO= X(€,t) (15) 


where X(é,t) denotes the Fourier transform of y(x,t). The solution 


of equation (15) we are seeking must satisfy the initial condition 
®(£,0) = 0, so that we have 


é 
O(E,t) = | eNO XE,L) at’ 


Making use of Fourier’s integral theorem 


1 [f° | 
O(x,t) = | O(E,t)e—** dé 
= T=] Ob) 
and interchanging the order of the integrations, we find that 


(x,t) = = [ dt’ i= e Bae) VE 2") dé 
Now 
F(£) = e709 
is the Fourier transform of the function 
ft) = a ett 


[2x(t—t’)}} 
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so that using the convolution theorem for Fourier transforms 


| F@x@e de = |" foe — aul) dy 
we find that 


, 1 f° dt’ . 
= _|. — (a —7)?/4e(t —€’) 
0(x,t) (47x)? |. (t _ t’) i € unt ) dy 


is the final solution of our problem. 


PROBLEMS 
1. The function 6(x,f) satisfies the equation 
06 0°6 


for x > 0, tf > 0 and 6(x,0) = 0, 6(0,?) =. Show that 


A t 00 
O(x,t) = J | al | X,(E,1)e-°C-2) sin (Ex) aé 
JO 0 


where X,(é,t) 1s the Fourier sine transform of the function y(x,?). 


2. The function u(p,t) satisfies the differential equation 


Ou Mu 1 ou + xp,t) 
ot \ ape | pop) 7 


for p > 0, and the initial condition u(p,0) = 0. Prove that, for ¢ > 0, 


diet — og 
u(p,t) = { eae [ ny(n,t' eT l4ee—t) J, seo . ail | an 


3. The function 6(p,1) satisfies the equation of Prob. 2 in the finite cylinder 
O<pc<a. If a, > = 0 for t > 0, and if 6(p,0) = 0, show that 


J o(pés) 


t 
0 = No Kt —t')EF dp’ 
(p,f) — [J 1(aé,)}° | X(,,t Je dt 


where the sum is taken over the positive roots of the equation J)(aé;) = 0 and 
where 


X(§;,f) = | pX(p,t)Jo(pé;) dp 


Show that, in particular, if x(p,) = f(¢), then 


J t 
(p,1) = Pe E ee | f (tee -OFE dt’ 


4. The slowing-down density 9 of neutrons in the infinite pile 0 <x <a, 
O<y <b, —© <z < © satisfies an equation of the type 


a0 
ry = V°6 + S(r)U(f) 
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If 6 vanishes on the faces of the pile and is initially zero, show that 


, 5 tre ere) 
abal a Zz > a b 
n=1m=1 


4 roe) 
Y | U(t’) dt’ | e —(&2 + mp?) Q2 + 22772/52)(t —ft ) S(E,m,nye xe tz dé 
0 — 0 


where 


e+ ' a mnx nry 
= te. e eaida e _ 1&2 
S Fa | de [ay | se sin ( = ) sin (2) « dz 
Deduce the solution corresponding to a point source U(t) situated at the 
geometrical center ($a,45,0) of the pile. 


MISCELLANEOUS PROBLEMS 


Heat is flowing along a thin straight bar whose cross section has area A and 
perimeter p. The conductivity of the material of the bar is K, and the rate 
at which heat is lost by radiation at the point x of the surface is H(@ — 9) per 
unit area, where 6(x,f) is the temperature at a point in the bar and 9, is the 
temperature of its surroundings. If p, c are, respectively, the density and 
specific heat of the material of the bar, show that @ satisfies the equation 


06 0°6 
Or Bye — h(@ — Oy) 
where x = K/pc, h = Hp/cpA. 
Show that the substitution 


reduces this equation to the one-dimensional diffusion equation. 


Heat is flowing steadily along a thin straight semi-infinite bar one end of which 
is situated at the origin and maintained at a constant temperature. The bar 
radiates into a medium at zero temperature. Prove that if temperatures 0,, 
5, 95, ... are measured at a series of points on the bar at equal distances 
apart, then the ratios (6,_, + 9,.)/8, are constant. 


A spherical shell of internal and external radii r,, re, respectively, has its inner 
and outer surfaces maintained at constant temperatures 0,,0,; the conductivity 
of the material of the shell is a linear function of the temperature. Show that 
the heat flowing through the shell in unit time in the steady state is the same 
as if the conductivity were independent of temperature and had the value 
appropriate to the temperature $(9, + 94). 


Prove that the diffusion equation 
ay av 
ax Ot 
possesses solutions of the type 


x? 
— Tr ° —o . © mee fees ery 


where A and 7 are constants and ,F,(«;8;z) denotes the confluent hyper- 
geometric function of argument z and parameters « and 8. 
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Prove that every solution of the one-dimensional diffusion equation defined 


and continuous in the space-time region 0 <x </,0 <t < T takes on its 
least and greatest values on ¢ = Ooron x =0,x =/. Deduce that: (a) the 
boundary value problem 

a rn OL 


has a unique solution in the region 0 < x </,0 <t < T; (6) the solution of 
the above boundary value problem depends continuously on the functions 


P(x), f (0, ed. 


If the concentration c of one component diffusing in a two-phase medium is 
determined by the equations 


0c 0c dc d%¢ 
Or — Dixa 3 X < 0, eS eae 


the boundary conditions 


0c 0c 
Cy = keg, D, Ox — Ox iP atx = 0 


and the initial condition 


at r — 0, show that when x > 0, 


tol) 
¢ = c,; ————5_ |1 — erf |-— 
” D3 + Di 2tDj 


and derive the corresponding expression for x < 0. 


Assuming the temperature at a point on the earth’s surface (assumed plane) 
to show a periodic variation from day to day given by 


O = 09 + 0, cos wt 


investigate the penetration of these temperature variations into the earth’s 
surface, and show that at a depth x the temperature fluctuates between the 
limits 

Oy + 8, exp (—x V @/2k) 


The conducting core of a long cable whose capacity and resistance per unit 
length are C and R, respectively, is grounded at one end, which may be taken 
to be infinitely distant. The other end x = 0 is raised to a potential V, in 
the interval 0 < ¢ < + and then lowered again to its initial zero value. If the 
interval 7 is short, prove that the current in the cable is 


rV, Cc CRx? _ 7 e—CRx?/4¢ 
Al Rat \ 422 t 


Hence show that the maximum value of the current at a point with co- 
ordinate x is proportional to x~%. 


The sphere r = 6 is maintained at zero temperature, and the sphere r = a < b 
is heated in such a way that its temperature at time ¢ is ge*, sand g being 
constants. The space between the two spheres is filled with a conducting 
material. Find the temperature at time ¢ at any point between the spheres. 


10. 


11. 


12. 


13. 


14, 


15. 
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, _ 06 26 
Show that the solution of the equation —; take satisfying the conditions: 


Gi) 6—-0ast— a, 
(i) @ =QOwhen x = +a for all values of ¢ > 0, 
Gii) 6 =x whent = Oand -—@a <x <a 


is 
= _1\y%-1 Qe 
p 22 > Soot! aitlee (=) - (- ad 
vis i a Qa 


By use of Fourier series, or otherwise, find a solution of the one-dimensional 
diffusion equation satisfying the following conditions: 


(i) 961s bounded ast > o; 

(ii)  00/0x = 0 for all values of t when x = 0 and when x = @; 
(iii) 0 = x(a — x) when =OandO <x <a. 

Solve 06/ét = a?(0"6/ dx") given that: 

(i)  @is finite when ¢ = +0; 

ii) & =Owhen x = 0 and x = 7, for all values of ¢; 

(iu) @ =x fromx =0tox =z whent = 0. 


A uniform rod of length @ whose surface is thermally insulated is initially at 
temperature 6 = 0). Attime? = 0 one end is suddenly cooled to temperature 
6 =0 and subsequently maintained at this temperature. The other end 
remains thermally insulated; show that the temperature at this end at time f 
is given by 


40, (—1)” (2n + 1)?«n*t 
0 = exp | — 7 ae 
where « is the nets conductivity (diffusivity). 


The boundaries of the rectangle 0 < x < a, 0 < y <b are maintained at 
zero temperature. If at ¢ = 0 the temperature @ has the prescribed value 


f(x,y), show that for ¢ > 0 the temperature at a point within the rectangle is 
given by 


CO CO a . : 
three ld fn 


a 


b 
\ F (x,y) sin —— * sin — 
J0 b 


The faces of the solid parallelepiped O<x <a, O<y<b, O0O<z<c 
are kept at zero temperature. If, initially, the temperature of the solid is given 
by O(x,y,z,0) = f (x,y,z), show that at time rt > 0 


O(x,y.23t) = — >) S > F(m,n,qye7 Pe acdsee n> si sin 


=iln=-lq= 
where 


F(m,n,g) = { { {, f (x,y,z) sin few *) sin =) sin (22) dx dy dz 


2 


m n* 2 
and met (AE LE 


where F(m,n) = oe dx dy 


Qe  h2 
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16. 


17. 


18. 


19. 


20. 
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If the face x = a is kept at a constant temperature 9, the other faces being 
maintained at zero temperature, and if the initial temperature is zero, show that 
the steady-state temperature Is 


_ 168, >) + sinh sinh (vx) mC + 1)ry she (2s + 1)2z 
25 ey, (2r + 1)Qs + 1) +- rer + 1) sinh sinh (a) b c 


where 
(2r +1)? (2s + 1) 
y2 = 2 [ee + —s 
Show that the solution @(p,z,t) of the diffusion equation for the semi-infinite 
cylinder 0 < p < a, z > 0 which satisfies the boundary conditions 
0 = Q, z=0 O<p<a,t>0 
6 = 0, p=a z>J, t>0 
and the initial condition 
0(p,z,0) = f(z) 
1S 
Ve 28 /4ut J (Ede —KtE4 fo UZ 
§=—- —— be ——$—_______- ‘ — —ufaict 
V arect ; aéJ\(E:a) Jo a caees (55) ° ™ 
where the sum is taken over all the positive roots of the equation J g(a) = 


The outer surfaces p = a, p = b(a > Bb) of an infinite cylinder are kept at zero 
temperature, and the initial temperature is 0(p,0) = f(p) (6 < p <a). Show 
that at time ¢ > 0 the temperature is given by 


Joes Jo(E.b) f Ede— 
O(p,t) = 2 §2 
© 2F J o(aé,) cor o(bE;) 
where / is defined to be 


Sr LS oF) GE) — Jg(E;)G9(8,)] 


5 
f= | pf (p)LJo(p§,)Go(aé;) — Jo(aF,)Go(ré;)] dp 


and &, £,... are the positive roots of the transcendental equation 


J (EG (a8,) — Jolaé)Gy(bé;) = 0 
Find the solution of 


=—> t>0,0<x< om 
for which 

6(x,0) = e-* x >0 

00,1) =0 t >0 
(Note that e~*” is the Laplace transform of 

2nht? 

The space x > 0 is filled with homogeneous material of thermometric con- 
ductivity «, the surface boundary x = 0 being impervious to heat. The 


temperature distribution at time t = 0 is given by 6 = @,(1 — ated; Find 
the temperature distribution at time f. 


21. 


22. 


23. 


24. 


25. 
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If 6(x,t) is the solution of the one-dimensional diffusion equation for the 
semi-infinite solid x > 0 which satisfies the conditions 6(0,7) = 4) cos (nt), 
6(x,0) = 0, show that 


©O ae 
Qa ul “u au 
A =a a) —AZ 7 ae —Ub 3 ie 
= 6)e—** cos (nt — Ax) — | e—¥ sin (,/¢ x) ae 


where 2 = Vn/2k. 


The function 9(x,/) satisfies the one-dimensional diffusion equation and is 
such that 6(x,0) = 6), a constant, and 


0 
(=) = h6(0,t) 


xX Oy oe 
= —_——— —= —hu—(x@+u)?/4eet 
0 0 erf (==) +- A \ € du 


Show by means of the Laplace transform @(x,1) that the solution of the one- 
dimensional diffusion in the region 0 < x < a satisfying the conditions 


4(0,7) = f(t), O(a, t) = 0, 0(x,0) = 0 


is given by the formula 


5 19 @) 
O(x,t) = — > n sin —— a fal re Markt —7) dr 
n=l 


The boundaries x = 0, y = 0 of the semi-infinite strip 0 < y < b, x > Oare 
kept at zero temperature while the boundary y = 6 is kept at temperature 0). 
If the initial temperature is zero, show that 


_1\r+1 = an 
tay) = eS CO sig ag 20S gms sin (2) 
1 


Prove that 


n= n=] 
49) ~~ nea. My [% en Kt? +n*2?/0) sin (Ex) dé 
a ro > n I) sin —— b ; &( £2 ae n?n®/b?) 


n= 
Show that the solution (r,t) of the boundary value problem 


ee 1 00 i oan ta 
ore | op Oro Ot me 


A(r,0) = 0, = const. O<r<a 


a0 
a a ee when r = a,t > 0 


may be expressed in the form 


— 2a*Ooh < ae [62 + (ah —1)?P sin (ré,/a)  —é2t/a2 
rer a 2-0 — & +ahah—e, 


where the sum is taken over the positive roots £,, 6, ...,&,, ... of the 
equation 
€ + (ah —1)tané = 0 
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26. The distribution of temperature in an infinite solid is governed by the equation 


6g 

= KV70 + w(t)@ + d(r,f) 

Transforming the equation (cf. Prob. 3 of Sec. 1) and making use of the theory 
of Fourier transforms, show that if initially 6 = 0,(r), then at time ¢ > 0 


3 ; ir = r’|? 
O(r,t) = (4axt)—? exp | , y(t’) ar | Gy(r) exp’ (- bert) dr’ 
P 
i ¢ exp | ) w(t”) ar | 
+ (Aart) —? exp I. p(t’) dt { ——~G-1hr dt 


x | ex | - ft Fae st’) dr’ 


27. A point source of heat of strength Q is moving with velocity v(t) along the line 
x =a, z = 0 in an infinite solid. If initially the temperature of the solid is 
zero, show that at time t > 0 


pf 
O(r,t) = _ 2 leo dt’ 
Spc(rk)? Jo (¢ — 1’)? 


with R® = (x — a)? + [y — ro) FP + 27. 
If the point source moves in the same way in the interior of the semi-infinite 
solid x > 0 whose _ is kept at zero temperature, show that 


e~ — R2/4Kct —t’) 


sx, [1 — e~atik@—t)] —_____._. df’ 


(r,t) = G9) 


8 <r Kx) 


APPENDIX 


SYSTEMS OF SURFACES 


In Chap. 2 we made use of some of the properties of systems of surfaces. The 
object of this appendix is to provide a brief outline of such systems for the benefit 
of readers unacquainted with them. For a fuller account the reader is referred to 
R. J. T. Bell, “An Elementary Treatise on Coordinate Geometry of Three 
Dimensions,” 2d ed. (Macmillan, London, 1931), pp. 307-325. 


|. One-parameter Systems 


If the function f (x,y,z,a) is a single-valued function possessing continuous partial 
derivatives of the first order with respect to each of its variables in a certain domain, 
then in xyz space the equation 


f (x,y,20) = 0 ) 


represents a one-parameter system of surfaces. 

We now fix attention on the member of this system which is given by a prescribed 
value of a and on the member corresponding to the slightly different value a + 0a, 
which will have equation 

f(x, y, Z,a + 6a) =0 (2) 


These two surfaces will intersect in a curve whose equations are (1) and (2), and it 
is easily seen that the curve may also be considered to be the intersection of the 
surface with equation (1) with the surface whose equation is 


: {f(, y, z,4 + 6a) — f(x,y,z,a)} = 0 @) 


As the parameter difference da tends to zero, we see that this curve of intersection 
tends to a limiting position given by the equations 


OG 
f (%.y,2,@) = Q, Fg f 24) = 0 (4) 


This limiting curve is called the characteristic curve of the system on the surface (1) 
or, more loosely, the characteristic curve of (1). Geometrically it is the curve on 
the surface (1) approached by the intersection curve of (1) and (2) as da > 0, 
As the parameter a varies, the characteristic curve (4) will trace out a surface 
whose equation 
&(x,y,z) = 0 (5) 


is obtained by eliminating a between the equations (4). This surface is called the 
envelope of the one-parameter system (1). 
For example, the equation 
xt y+(z—a*=1 
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is the.equation of the family of spheres of unit radius with centers on the z axis. 
Putting f = x* + y® + (z — a)? — 1, we see that f, = z — a, so that the character- 
istic curve to the surface a is the circle 


zZ =a, xe+ y+ (z—aPr= 
and it follows immediately that the envelope of this family is the cylinder 
xe + ye = 1 
(cf. Fig. 48). In this particular case it is obvious that the envelope touches each 


member of the family along the appropriate characteristic curve. We shall now 
prove that this is true in general. 


~ x°+y? +(z-a)=1 
= 7 
Characteristic curve 
z=a, x*+y2 +(2z-a)* =] 
Envelope 
xe + 2 =] 
y 


Figure 48 


heorem 1. Apart from singular points, the envelope touches each member of the 
‘parameter system of surfaces along the characteristic curve of the system on that 
member. 

To prove this theorem consider the one-parameter system (1). Since it is a one- 
parameter system it follows that through any point P of the envelope there is one 
member of (1) whose characteristic curve passes through P(x,y,z). The direction 
cosines of the normal to this surface are proportional to ( fy, f,, f,). Now we may 
consider the envelope to be the surface 


fixy,z,a(xy,z)} = 0 (6) 
where a(x,y,z) is determined from the equation 
af 
—= (7) 


Now the direction cosines of the normal to the surface (6) are proportional to 


(Ls 2%, be Ba o 4%) 


6x Oa Ox dy ' da ay Oz 0a Oz 
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which, on account of (7), reduce to (f,, f,, fz). Hence the tangent planes to the 
surface and the envelope coincide. 

We have proved that along the appropriate characteristic curve the surface a 
and the envelope have the same values of (x,y,z,p,q). In Sec. 8 of Chap. 2 we saw 
that these numbers specify the characteristic strip of the surface a. We may there- 
fore think of the characteristic strip as being the set of small elements of tangent 
planes which the surface and the envelope have in common along the characteristic 
curve. 

The argument given above breaks down at singular points, 1.e., at points at which 
ie =fy =f = 4, but it is not difficult to show that such points lie on the locus (4). 
As a consequence singular loci appear in the result. 


2. Two-parameter Systems 


In a similar way we may discuss the two-parameter system of surfaces defined by 


the equation 
J (%y,2,a,5) = 0 (1) 
in which a and 5 are parameters. We consider first the one-parameter subsystem 


Characteristic 
curve Envelope 


a 


Surface 


Figure 49 


obtained by taking b to be a prescribed function of a; e.g., 
b = d(a) (2) 


This in turn gives rise to an envelope obtained by eliminating a, b from equations 
(1) and (2) and the relation 

of of db 

3, + Gan 7° (3) 
The characteristic curve of the subsystem on the surface (1) is given by equations 
(1) and (3), in which 6 has been substituted from (2). 

It should be observed that for every form of function ¢(@) the characteristic curve 

of the subsystem on (I) passes through the point defined by the equations 


f=9, f, = 9, fo =9 (4) 


This point is called the characteristic point of the two-parameter system (1) on the 
particular surface (1). As the parameters @ and 5 vary, this point generates a 
surface which is called the envelope of the surfaces (1). Its equation 1s obtained by 
eliminating a and 5 from the three equations comprising the set (4). 

As an example consider the equation 


(x —a+(y—bP+2=1 (5) 
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where a and 6 are parameters. The two-parameter family corresponding to this 
equation is made up of all spheres of unit radius whose centers lie on the xy plane. 
In this instance the equations (4) assume the forms 


(x—aPt(y—bP+2=1, x-a=0, y-b=0 


so that the characteristic points of the two-parameter system on the surface (1) are 
(a,6,41). In other words, each sphere has two characteristic points. The envelope 
is readily seen to be the pair of parallel planes z = +1. 

A subsystem of the two-parameter system (5) is obtained by taking b = 2a; 
the equation of this subsystem is 


(x —a)*?+(y — 2a)? 4+ 2% = 1 (6) 
The characteristic curve of this subsystem is the intersection of the sphere (6) with 
the plane 
x + 2y = 5a (7) 
It is therefore a great circle through the center C(a,2a,0) of the sphere normal to 
the line OC. Its center lies on the line 


1 2 0 8) 

The equation of the envelope of this subsystem 1s obtained by eliminating a from 
equations (6) and (7). We find that the envelope is a right circular cylinder with 
axis (8) and unit radius. 

Corresponding to Theorem 1 for one-parameter families of surfaces we have: 

Theorem 2. The envelope of a two-parameter system is touched at each of its 
points P by the surface of which P is the characteristic point. 

The proof is a simple extension of that for Theorem 1. We may consider the 
envelope to be the surface 


f {x,y,z,a(x,y,z),b(x,y,z)} = 0 (9) 
where the functions a(x,y,z) and (x,y,z) are defined by the relations 
fa =9, fy =9 (10) 


The direction cosines of the tangent plane to the envelope at the point P(x,y,z) are 
therefore proportional to 


(EH _ f% af | Fa, of a 7, 7%, 4S) 


ax Oa dx  dbax dy  dady dbay az daez db az 


and, as a result of equations (10), these reduce to (f,, fy, f), Showing that the tangent 
plane to the envelope coincides with the tangent plane to the surface (1) at P, as we 
had to prove. 


3. The Edge of Regression 


We shall return now to a CORAETSHOR of the one-parameter system of surfaces 
with equation 


f(.y,z,a@) = 0 (1) 
Then, as we showed in Sec. 1, the characteristic curve on (1) has equations 
f@y,z,a) =0, $(x,y,z,a) = 0 (2) 


where ¢(x,y,z,@) = reed (x,y,z,a). The characteristic curve on a neighboring 
surface has equations | 


f(x, y,Z,a@+6a)=0, (x, y,z,a + 6a) = 0 (3) 
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These two characteristic curves will intersect if the four equations (2) and (3) are 
consistent or if the equations (2) and 


Lf (x, yy, 2,4 + 0a) — f(x,y,Z,a)} = 0 (4) 


i {(x, y, 2, a + Ja) — $(x,y,z,a)} = 0 (5) 


are consistent. 

Both characteristic curves lie on the envelope of the system (1). If they intersect, 
the locus of their limiting point of intersection as da > 0 is called the edge of 
regression of the envelope of (1). It should be noted that this locus is a curve on 


the envelope. 
Letting da > 0 in equations (4) and (5), we see that the characteristic curves will 


possess a limiting point of intersection if the equations 
f =0, ¢=0, fp =9, b, == 
are consistent; 1.e., if 
f = 0, qa = 0, dae = 0 (6) 
are Consistent. 


Since there are only three equations to be satisfied, it follows that in general 
there is always a solution. For this reason we say that “consecutive characteristic 
curves intersect’’ at a point given the equations (6). As the parameter a varies, 
this point generates the edge of regression; its equations are obtained by eliminating 
the parameter a in two different ways from the equations (6). The edge of regression 
has the property that it touches each of the characteristic curves of the system. 

To illustrate these remarks we consider the one-parameter system of planes 


whose equation is 
3a*x — 3ay+z=a5 (7) 


in which a is a parameter. The characteristic curve of the system on the surface 
(7) has for its equations the equation (7) and 


a®* —2ax + y =0 (8) 


The envelope is found by eliminating a between equations (7) and (8). If we 
multiply equation (8) by @ and subtract it from equation (7), we find that 


a’x = lay —2 (9) 
and eliminating a from equations (8) and (9), we obtain the equation 


a= xy-—2Z 
— «2x? — y) 


Substituting this value for a in equation (7), we see that the envelope has equation 
(xy — z)* = 4x? — y)(y* — xz) 


For the edge of regression we have, in addition to equations (7) and (8), the 
equation a@ — x = 0, so that the edge of regression has freedom equations 


x=a y=a’, z=@ 
Alternatively it can be thought of as the intersection of the surfaces 


y’ = xz, xy =2 
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4, Ruled Surfaces 


We shall now consider briefly some of the properties of a ruled surface. A ruled 
surface is one which is generated by straight lines, which are themselves called 
generators. Typical examples are cones, cylinders, the hyperboloid of one sheet, 
the hyperbolic paraboloid. We distinguish between two kinds of ruled surface. 
A developable surface is a ruled surface of which ‘consecutive generators intersect ;”” 
a ruled surface which is not developable is called a skew surface. Cones are develop- 
able, though they are not typical examples, since any two generators intersect, not 
merely two consecutive generators. Hyperboloids of one sheet and hyperbolic 
paraboloids are skew surfaces. 

A developable surface is so called because it can be “‘developed’’ into a 
plane in the sense that it can be deformed into a part of a plane without 
stretching or tearing. To see this we 
consider a set of “‘consecutive genera- 
tors” A,, Ao, 43, . . . on a developable 
surface. They intersect as shown in 
Fig. 50, and the surface consists of 
small plane elements 7,, 7, 73, . - . . 
The element 7, can be rotated about 
the line A, until it is coplanar with zr. 
The area 7, + 7. can now be rotated 
about A, until it is brought into the plane 
ag. We can proceed thus until the whole 
surface is developed into part of a plane. 

There are two results about develop- 
able surfaces which are of value in the 
theory of partial differential equations: 

Theorem 3. Zhe envelope of a one- 
parameter family of planes is a develop- 
able surface. 

To prove this theorem we note that 
the equation of a one-parameter family 
of planes may be written in the form 


x+ay+flajz+e(a)=90 (1) 
The characteristic curve is determined 


yt fi@z+g@=0 — 
together with equation (1). Since the characteristic curve is the intersection of the 
planes (1) and (2), it is a straight line. The envelope which is generated by it is 
therefore a ruled surface. This straight line intersects its consecutive in a point 
given by the equations (1), (2), and 


faz + g(a) =0 (3) 


Since ““consecutive generators intersect’’ at this point, the envelope is a developable 
surface. 
Theorem 4. The edge of regression of a developable surface touches the generators. 
This theorem follows from ‘the fact that a developable surface consists of two 
sheets which meet one another at a cuspidal edge, one sheet being generated by the 
forward tangents to the edge of regression, the other sheet by backward tangents. 


Figure 50 


SOLUTIONS TO THE 
ODD-NUMBERED PROBLEMS 


Chapter I Section 1 


Section 3 
Lxt+ytz=C,, xyz =C, 
3. + y(zt+1) =c¢,, (x — y(z — 1) =e, 


Section 4 


1. The orthogonal trajectories are the intersections of the system fyz + d = kx 
(k a parameter) with the surface x* + y? + 2fyz+d=0. 
3. The orthogonal trajectories are the curves 


2 +2(x-4) ey 2y = x* 
5. The orthogonal trajectories are the curves 


ite ide os (x + y)z =1 


2z 62° 
Section 5 
1. Integrable; xy + 2? =. 
3. Integrable; xy? = cz*. 
5. The equation is not integrable. 
Section 6 


1. (a — x)®? +2 = ple — y) 
3. yz t+zx+xy =c(tx + y+ 2) 
5. yzt1 =(y + (cy + 1) 


7 ye t+ 2% — ve =C 
Miscellaneous Problems 
1. (a) x*y?z® = ¢c,, (x* + ¥)z? = cy 
(6) y=eyx, x*+ yp +27 = cox 
(c) x -y=, xy + yz + ZX = Cp 
3. The integral curves are given by the equations 
xz + ay = c,(az — xy), (xz + ay)y = (Cc. — z)(az — xy) 


from which it follows that they are the intersections of the quadrics xz + ay 
= C,(az — xy) by the planes c,y + z = c, and are therefore conics. 
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§yi=2z, yee 
7.x2°—-yp=2az, (x —yP +272 =—¢, 
13. x($x?—y") =C,, xy =2 


Chapter 2 Section 2 
1. (@) pg =z 

(6) px +qy =¢ 

(c) 2(px + qy) = 2% — 1 


Section 4 
1. x? + y? + 2% = f(xy) 
3. (x + yx + y +2) = f(xy) 
5. F(x? + y? — z*, xy +2) =0 

Section 5 


1. x? + y® — 2x = 2? — 42 
3. z°(x° + y*)? = a(x — y)? 
S. (x —yt+z)? +24 + y +2)? — 22% —y +2) — I(x + y +2) =0 


Section 6 
A. (x? + yy? + 427)\(x? — y*)? = at? + y*) 
3. The general equation is 
2 2 
x + y® + 2? -4(* re) 


ge 


The case quoted is obtained by taking f(£) to be constant. 
(x? + y® + 22)? = c4(2x* + y*) 


Section 7 
lL ty —z)® =4xy 


Section 8 
1. Characteristics: 
x = 2v(e* — 1), y = gv(e* + 23), z = vee: 
16z = (4y + x) 


3. Characteristics: 


x=20(2-e4, y=2V2et—-1), z= —v%e; 
4z +(x + V2y)? =0 


Section 9 
1z=x +e,(1 + xy) 


Section 10 
1. (x + 5) 4+ y* = a2? 
3. z = bxty/e 
1 1 
.Z=8 Pe a ee 3/x? 
5. z = sly + @) + 5 + 73 t be 


ax b Qa" 


SOLUTIONS TO THE ODD-NUMBERED PROBLEMS 


| Section 11 
J 


a 
a—| 


tara +0)(x +24 


»2= 3? +a) +6? —a@)? +5 


Section 12 


1. (x + ay —z + b)* = 46x, xy = 2z(y — 2) 
5. (x —at+y* + 2? — 2by =0, (y? + 4y + 22)? = 8x?" 
Section 13 
3. u = (ax® — bE + ay +5 4c 
Section 14 
1.4 = cos 2 fx - be | 
© 1 = No ] (h ea n) 
_ __ Gib)” 
3. P(t) = nle4B — 1) 
Miscellaneous Problems 
3. f (0) = 20 + 1 
5. p> +q* =tan*y 
7. (x? + yi(xz — y) = zy 
9. The integral surfaces are generated by the curves 


11. 


13. 
15. 


x® 4 yy? —@ =z", yy = Cox 
which are obviously conics; 
322(x® + y*) = x(x? + y® — a?) 
f(x + y)z, ke? + my* + nz*] =0 


Ix? + my® + nz* = (x + y)ziGl + am +n) +30 —-mx + yz 
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+ 40 + mx + y)*z"] 


z—ax + ay = d{(x + y)* — 8a] 
2zVx%—-atb=x+2y~ 4+ 2? 


17, xz = ay + O11 — ax) 
19, 22 = x°(2y* — 1) 
21. 4x22? = (.x°+ 2y)? 
Chapter 3 Section 3 
a\ ¢ 
s.o,-¢+% ar (1 4), te as 
a Q a 
Section 4 
3.z2=fix +y) + fom — y) + fo(2x + y) — axe" 


§.z= ¢(logx* +f, (2) + fo{xy) 
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Section 5 
s y 
z= { dé { f En) dn + fic) + fol) 


z=xyoxy +) +f) +f 
3. If the equation 


Roe 4 P(e) 5 — — + Z(c)z = W(x%,c) 
has solution z = c, f(x,c) + es» or then the given equation has solution 
z = fy) + foley); 
z= 6 : eu Ae” + fxlyee/4 
5.2 = (0? — PY) fic? + y) + fio? + yp?) 


Section 6 
3. (x — 3ut)® = Ct, where C is a constant. 


Section 7 
1. (a) Parabolic; (6) hyperbolic; (c) elliptic; (d) elliptic; (e) parabolic. 


Section 8 


x(x + y) yx + y) 
eer Tye ETT 
5, z = 2x9 — 3x’y + 3xy* — 2y° 


3. V= > ‘ () cos (n6) 


3. z(x,y) =k [ — erf 5 mal 


2 
where erf (¢) = Ya [ e—* du, 
7 J0 


Section 11 


Section 9 


Section 10 


3. y = (z) + zy(x) 
~y=f( +z) + e(z) 


Fi 


Miscellaneous Problems 


2 
3. 6, = (Bx — Ay), 176 = 09 = O 


Ss. Z = xfi(y) + yfolx) 
a (n an 1)xy"— et xy 
7 n—2 


z= axy? + f(y + 2ix) + ely — 2ix) 
z= y* — 4x? + Sx3y 


ae 
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Chapter 4 | Section 2 
3. The potential is due to: (a) a uniform density p = 3/(27) of matter within the 
sphere r =a; (6) a surface density o = —3(4x? — y* — 2%)/(4za) on the 
sphere r = a, 
5. i(k + 1) 
Section 3 


1. A log {(x? + y*)* — 2a2x* — y*) + at} + B 


Section 6 
1I1f0 <6 <4,r <a, 
y = 20a So (“) ” Paq( C08 0) — 2nroz 
but ifr > a, _ - 
y =2nca » Bee (2) °° Petco 6) 
n=O : 


where (a), = ala +1)°-+*@+n-— 1). 


Section 7 
1. If the polar axis is taken along the direction of the field, 


3 
y= —E (1 - 5) ros @ 


3. If the polar axis is taken along the direction of the uniform stream, 


Section 12 
14% +iy = (1 — 2iXsinz + 2’), z=xt+iy 


Miscellaneous Problems 
6r7r0@ (a> —@ ) 
c(u + 2) 


27. The potential at a point distant r (<a) from the center is 


© 


2ryo > (—1)* (—3)n ( on 7 ie oa) r2"P,,,(cos 8) 


n! 
n=0 


23. 


0<r<a<b. The magnitude of the attraction at a point in the plane of 
the disk distant r (<a) from the center is 


tnye > —Basl—Prss (2 _ La) 


ni(n + 1)! gents perts 


33. The potential at an external point is 


m‘(r—f) @-—Il)am*(—f)  @—la (im: —f) ,_ 
FoF Gee bot tG@eoe |, eo 


where p = a’r/r’. 


320 ELEMENTS OF PARTIAL DIFFERENTIAL EQUATIONS 


39. The complex potential is 
4 
w= —mlog(z* — c*) — mlog G _ =) + 2m log z 


41. (a) yp = jacre*(“—5) cos 2n, where x = c cosh é cos 7 
y=csinhésinnjn, a@=ccoshe, b=csinhe 
(b) yw = cel—5)(V cosh acos 7 — Usinh a sin 7) 
(c) yp = ZacteX“—5) cos 2n + cwe*—§(x_ cosh a cos 7 + yo sinh @ sin 7) 


45. The complex potential is w = 2m log (e7#/6— 1). 


49. z= sinh (=) 
2m 


_ ay fzcos 9 + asin 6 _ 2y sin @ 
S51. Ul, — = o—_ a 9 u, = RP 
where RA = (7? + 22 — a 4 4a%?, tan 29 = "a" ___ 
y2 +. 72 — g? 
Chapter 5 Section 4 
CO CO 
__1\7r-+s 
_ l6va > a ee Sor! Lh (2r = l)r iia (2s " 1x ii (2r + 1)xx 
Aa He (2r + (25 + 1) 05 a 
le (2s + 1)ry — (=) 
a a 
where af, = (2r + 1)? + (25 + 1) 
Section 5 
3 _ aad sin (Kr) cos (kcf) 
° 7 ker sin (ka) 
Section 6 
0 r—-ct>a 
x[a? — ‘Gi — ct)*] 
; =. —a<r—cet 
3 y roe a<x<r-ct<a 
0 r—ct< —@ 
0) r—ct>a 
ay Kr — ct) 
ae, Se ee ae — < 
ry 5 ax<r-—ct<a 
0 r—ct< —-a 
Miscellaneous problems 
2aCcp 


[(cp + c’p’) + o%m?}t 
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4] C= st\ . [(sax\ , [suet 
= —~—— S isin (27) cos (—} sin | ——) sin (—— 
1 y= ~ Fed, gin (F) (3) 8 (FF) 5 () 


31. hi | f(x) H Pp) dx’ 
Ly 


35. The amplitude of the reflected wave is 


sin 2a — sin 2B 
sin 2« + sin 28 
where Vesin § = sin«. 


VE | 
37. f(€) =2C | pre —tke® dy 
@ 


Chapter 6 7 Section 4 
- 4 > (-1Iy ; —(2r41)2h2 
1 6= a Ly (2r " 1)? sin (2r + 1)x.e 


Section 5 
1 i ~ _ sinh [x-tstHa — x)] 


= > 5 e** ds 
ari Jy—io sinh (x —#s?a) 


S. (6% + 4vt)—? exp (1) 
Section 6 
1. (a) If 6,1) = 4,(), 96,0 = $,(2), x,0) = f(x), then 


b t 
eG 0G 
O(x,1) = G(x, dx + | t’ (22 — do(t’ (2) | ae 
(x,1) { (x,t) f(x) dx an eC beg De ball’) | > vo 
where the Green’s function G(x,t) satisfies 
Gy = KGa, G(a,t) = G(b,t) = 0 t>0 
G(x,0) = 0 a<x<b 


0) Wet) = =e [* fee eet — emote ae 
t 
“ae e—u*/4u(t—t’) 


x ro, Mec 
+ am | 40 Gm ™ 


Miscellaneous Problems 
3. Ifk = ky + k,6, then the flux of heat through the shell is 
O= 4r(6, — Oo)[ky + $k,(6, + 9)]ryre 
i ame 
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7. 8 = 6, + 0, exp is (=) =| COs or _ (=) | 
|  gae**t sinh [s(6 — r)e—*) 
9 Art) = sinh [sb —ae=¥] 


i = | 2rrx 
1. O(x,1) = — = > eos (= Je tntrttit 
" r=] J 


t t 
19. 6(x,f) = et * — e~t—t/47 -—% dy 


T J0 
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D function, 254 
Damped oscillations, 266 
Developable surface, 314 
Dielectric constant, 143 
Dielectrics, 143 
Diffraction, 246 
Diffusion of vorticity, 276 
Diffusion coefficient, 276 
Diffusion equation, 91, 139, 275-308 
elementary solution of, 282 
Green’s function for, 294-298 
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Dirac delta function, 252 
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Dirichiet’s principle, 175 
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